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Abstract

In the project presented in this thesis, a laser system for the spectroscopy of muonic helium ions has been
developed. Five 25-2P transitions were successfully measured in 2013 and 2014 using this laser system.
Eventually the alpha particle and the helion charge radii will be deduced from these measurements with
accuracies of few parts per thousand. These values will be benchmarks for nuclear structure theories, and
bear information contributing to the solution of the so-called proton radius puzzle.

The laser system developed is composed of a thin-disk laser operated at a wavelength of 1030 nm pumped
with a high-power diode laser. The pulses of the thin-disk laser are frequency-doubled and used to pump
a Ti:sapphire laser. The pulsed Ti:sapphire laser is injection-seeded by a frequency-stabilized cw
Ti:sapphire laser with a wavelength tunable between 800 nm and 970 nm. The pulses of the Ti:sapphire
laser are then transported and coupled into the multi-pass cavity surrounding the volume the muons are
stopped at.

The most challenging building block of the laser system is the thin-disk laser. A thin-disk laser was
developed based on a Q-switched oscillator followed by a multi-pass amplifier. The thin-disk laser has to
deliver pulses with 100 mJ of energy, at average repetition rates of at least 200 Hz with stochastically
distributed (in time) triggers having a minimal delay time between pulses down to 1.2 ms. In addition,
pulse-to-pulse fluctuations smaller than a few % are required, as well as a latency time between trigger
and emission of the pulse of < 500 ns, and good transverse beam mode quality of M? < 1.1 for efficient
frequency doubling.

Special emphasis was devoted to the design of resonators and multi-pass amplifiers that minimizes the
sensitivity to thermal lens effects. In addition, aperture effects that naturally occur in the pumped active
medium have been discussed in detail in this thesis because they are usually neglected in the thin-disk
laser community. Yet, they may play an important role in laser design.

The laser development that has been motivated by the muonic helium spectroscopy has also led to several
additional results published in papers reproduced in the second part of this thesis.

As the first additional result, a novel multi-pass architecture is proposed that solves present energy scaling
limitations of mode-locked multi-pass laser oscillators. Contrarily to the state-of-the-art layouts based on
4f-imaging, the stability region of our multi-pass resonator does not shrink with the number of passes at
the active medium. Hence, our design sustains thermal lens variations that are by at least an order of
magnitude larger compared to state-of-the-art multi-pass designs. This implies an order of magnitude
larger output powers, and laser output pulses with mJ energy at MHz repetition rates directly from an
oscillator.

As second additional result, we expose a novel limitation for the power scaling of thin-disk lasers. This
limitation is related to misalignment induced by thermal lens effects. From its modeling a parameter has
been obtained that can be used to design laser resonators circumventing this limitation.
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The third additional result is related to novel pump optic schemes having an increased number of passes
at the thin disk as compared to standard designs while maintaining the same requirement for the pump
beam quality and size of the pump optics.
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Zusammenfassung

In dieser Arbeit beschreibe ich die Entwicklung eines Lasersystems fiir die Spektroskopie des 2S-2P-
Ubergangs in myonischem Helium. Mit diesem System wurden 2013 und 2014 fiinf Ubergénge vermessen.
Aus diesen Daten lassen sich die Ladungsradien des Alpha-Teilchens und des Helions auf wenige Promille
genau bestimmen. Mit diesen Werten lassen sich Kernstruktur-Theorien Uberpriifen und auBerdem
kénnen sie dazu beitragen, das sogenannte «proton radius puzzle» zu lésen.

Das Lasersystem, das ich entwickelt habe, basiert auf der Scheibenlaser-Technologie. Das Lasersystem
wird bei einer Wellenldange von 1030 nm betrieben. Zum Pumpen werden Hochleistungsdiodenlaser
verwendet. Die Pulse des Scheibenlasers werden auf eine Wellenlange von 515 nm frequenzverdoppelt,
um einen Ti:Saphir-Laser zu pumpen. Die Wellenlange des gepulsten Ti:Saphir-Lasers ist zwischen 800 nm
und 970 nm abstimmbar und wird durch Injection-Seeding mit der Ausgangsleistung eines kontinuierlich
betriebenen Einfrequenz-Ti:Saphir-Lasers stabilisiert. Die Ti:Saphir-Laserpulse werden in eine Multipass-
Cavity injiziert, in deren Inneren die Myonen gestoppt werden und myonisches Helium entsteht, welches
dann spektroskopisch vermessen wird.

Der anspruchsvollste Teil des Lasersystems ist der Scheibenlaser. Das realisierte System besteht aus einem
gltegeschalteten Oszillator, dem ein Multipass-Verstarker folgt. Der Scheibenlaser muss eine Pulsenergie
von 100 mJ bei einer Repetitionsrate von mindestens 200 Hz liefern. Der Laser lduft aber nicht bei einer
festen Frequenz, sondern wird stochastisch getriggert. Bei einem minimalen Puls-zu-Puls-Abstand von
1.2 ms ist eine Puls-zu-Puls-Stabilitdt von wenigen % erforderlich. Besonders zeichnet sich das System
durch eine sehr kurze Trigger-zu-Puls-Verzégerung von weniger als 500 ns aus. Dabei ist auch eine
hervorragende Strahlqualitit von M?< 1.1 erforderlich, um eine effiziente Frequenzverdopplung zu
gewahrleisten.

Besonderer Wert wurde auf das Design des Multipass-Laser-Verstarkers gelegt, um die Sensitivitat flr
thermisch induzierte Linsen und die Dejustierung zu minimieren. Der Einfluss von weichen Aperturen auf
die Laser-Stabilitdt wird detailliert diskutiert, insbesondere, weil dieser Effekt normalerweise ignoriert
wird.

Auch wenn die Laserentwicklung durch die Spektroskopie an myonischem Helium motiviert wurde, hat die
Beschaftigung mit diesem Thema auch zu mehreren Ergebnissen von allgemeinem Interesse gefiihrt. Diese
wurden in verschiedenen Veroffentlichungen publiziert und bilden den zweiten Teil dieser Arbeit.

Als erstes dieser Ergebnisse stellen wir eine neuartige Multipass-Oszillator-Architektur vor, die eine
erhebliche Leistungssteigerung fliir modengekoppelte Laser ermdglichen wird. Im Gegensatz zu aktuellen
Designs auf Basis multipler 4f-Abbildung, reduziert sich der Stabilitatsbereich nicht mit der Anzahl der
Reflektionen an der Scheibe, wodurch die Ausgangsleistung um mindestens eine GroRenordnung
gesteigert werden kann.

Beim zweiten Ergebnis handelt es sich um eine neuartige Limitierung der Leistungsskalierung eines
Scheibenlasers, die auf der Dejustierung des Lasers aufgrund der thermischen Linse beruht. Im Weiteren
werden Laserdesigns vorgestellt, die diese Limitierung umgehen.

\
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Im dritten Ergebnis wird ein neuartiges Design einer Pumpoptik flir Scheiben vorgestellt, welches die
Anzahl der Durchgénge durch das aktive Medium bei minimalen Anforderungen an die Strahlqualitat des
Pumpstrahls und die GroRe der Pumpoptik vergrofRern kann.
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Chapter 1: Summary

1.Summary

Muonic atoms are atomic systems where one of the electrons is replaced by a muon: for example, muonic
hydrogen (up) is the hydrogen-like bound state formed by a negative muon and a proton. As the muon
mass is about 200 times larger than the electron mass, the muon is “orbiting” the nucleus at an average
distance 200 times smaller than the electron in the regular electronic atoms. Thus, there is a large overlap
between the muon (atomic) wave function and the nucleus that leads to an enhanced sensitivity of the
energy levels to the nuclear structure, i.e. the energy levels of the muonic atoms are strongly affected by
the nuclear structure. The major energy shift related to the nuclear structure arises from the non-point-
like nature of the nucleus, from the fact that the nucleus has a finite size.

By performing laser spectroscopy of the 2S-2P transition in pp [1, 2] we (the CREMA collaboration)
deduced a proton charge radius with a relative precision of the order of 103. This radius has attracted
much attention not only because of its high precision but also because of its 7o discrepancy with the values
extracted from electron-proton scattering and hydrogen (H) spectroscopy [3] that are known with
accuracies on the percent level.

As summarized in [4, 5, 6, 7, 8] a few hundred publications have been devoted to the so called “proton
radius puzzle” ranging from studies of physics beyond the standard model [9, 10, 11], to the reanalysis of
electron-proton scattering data [8, 12, 13, 14, 15, 16, 17, 18, 19, 20] [21, 22, 23], to verifications and
refinements of bound-state QED calculations [24, 25, 26, 27, 28], to theories describing the complex low-
energy structure of the proton [29, 30, 31, 32, 33, 34, 35, 36, 37, 38], and adjustment of fundamental
constants. Considerable effort has been devoted also to the experimental side: new proposals for electron-
proton scattering, electron-deuteron scattering, muon-proton scattering [39, 40, 41, 42, 43], new H
spectroscopy experiments [44, 45, 46], spectroscopy of H, and H-D molecules [44] and alternative
determination of the Rydberg constant (strongly correlated to the proton radius in the CODATA
adjustment [47]) via spectroscopy of Rydberg states in highly charged ions [48] or positronium and
muonium spectroscopy [49]. At present, despite all efforts, the discrepancy persists and the resolution of
the proton radius puzzle remains unknown. New experimental inputs are needed to shed light into the
proton radius puzzle.

To unravel the proton radius puzzle in 2010 we proposed to measure several 25-2P transition frequencies
in muonic helium ions, p*He* and p3He* [50], by means of pulsed laser spectroscopy. Successful
measurements of two transition frequencies in u*He* and three in u3He* with accuracies of 50 ppm have
been accomplished in two beam times in 2013 and 2014. Data analysis of the measured transitions is
ongoing.

This thesis is devoted to the realization of the laser system that was required for the spectroscopy of the
muonic helium ions. The development required for this laser has brought along several major innovations
in the field of thin-disk lasers [51, 52, 53, 54]. Therefore, a large fraction of this thesis is also dedicated to
these additional results having the potential to significantly impact the field of high-power lasers. In
summary, the achievements reached in this thesis project can be subdivided into the following topics:
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Optimization of the active medium of the thin disk.

At first, we performed an optimization of the active medium of the thin-disk laser in
collaboration with the Institut fur Strahlwerkzeuge (IFSW), Stuttgart. We adapted the
geometry and the doping concentration of the active medium (thin disk) for our
conditions that are quite distinctive from typical operational conditions of thin-disk
lasers (ultra-short and continuous wave (cw)). Pulses with energies in the order of
100 mJ are extracted with “low” repetition rates while pumped in cw-mode. As a result,
we operate our thin-disk laser in the so-called fluorescence mode for the vast majority
of the time. Severe challenges are related with the Amplified-Spontaneous-Emission
(ASE), with the capability of storing energy in the active medium and reduction of the
optical damage threshold. On the one hand, this called for an optimization of the
geometry of the active medium, coating, doping and contacting of the disk to the heat
sink and on the other hand, for novel layouts of the laser resonator for large beam
(eigenmode) widths and reduced sensitivity to thermal lens effect.

Thin-disk laser development for muonic helium spectroscopy.

We developed a thin-disk laser based on a Q-switched oscillator and multi-pass
amplifier scheme needed for the 25-2P spectroscopy of muonic helium and fulfilling
the various challenging requirements in terms of pulse energy, pulse bandwidth, beam
quality, repetition rates, stochastic trigger and short latency time (short delay between
laser trigger and laser pulse emission).

The oscillator was operated in the so-called pre-lasing mode to guarantee a short
latency time. The Q-switching dynamics were controlled by a Pockels cell developed
in-house for fast switching and feedback stabilization of the pre-lasing operation.

The realized multi-pass amplifier was based on a concatenation of nearly identical
optical segments where the ABCD-matrix for a roundtrip in each individual segment
represents a stable optical cavity. The resulting multi-pass propagation shows stability
properties significantly superior to the standard design that is typically based on 4f-
imaging from disk to disk. Several mirror-array schemes to sustain the beam routing in
this multi-pass amplifier have been conceived and implemented resulting in elegant,
simple and stable realizations of this multi-pass architecture.

Realization of a Ti:sapphire laser and a multi-pass enhancement cavity.

In collaboration with the Laboratoire Kastler Brossel (LKB), Paris, we realized an
injection-locked ring-oscillator Ti:Sa laser delivering pulses with up to 15 mJ of energy,
operating in a wavelength range between 800 and 960 nm with a bandwidth smaller
than 100 MHz and having an rms pulse-to-pulse energy stability of 1%.

In collaboration with the Max-Planck-Institute for Quantum Optics (MPQ), Garching,
we designed a multi-pass laser cavity to enhance the laser fluence in the He gas where
puHe* is formed [55]. While the Garching group took care of the optical aspects of the
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cavity, we developed the required stable mechanics to hold the cavity mirrors inside
the gas target placed within the 5 T solenoid of the muon beam line.

Measurement of five muonic 2S-2P transitions.

We contributed to setting up the muonic helium experiment in the nE5 area at PSl and
operated the laser system successfully for two (3-month) beam times in 2013 and 2014.
During these two beam times, we succeeded in measuring five transition frequencies,
two in p*He* and three in p®He* with the proposed precision of about 50 ppm. Thus,
the measurement campaign has been terminated and data analysis is ongoing. The key
player in the success of this experiment was the thin-disk laser, which allowed steady
operation of the laser system over the whole measurement periods.

Aperture effects in thin-disk laser.

The thin-disk laser community commonly neglects aperture effects. However, in this
thesis, we demonstrate their importance and we show how to include themin a simple
way into the design of thin-disk resonators and multi-pass amplifiers. Simulating the
laser modes accounting for apertures not only allows a more precise and realistic
description of the laser mode but also the realization of novel optical architectures.

Additional result 1: Multi-pass resonator architecture for ultrafast lasers [52].

The studies we performed to develop the multi-pass amplifier for muonic atoms [54]
have led us to conceive a new scheme for a multi-pass resonator impacting the
ultrafast laser sector. These investigations culminated in a patent application that we
submitted to the “European Patent Office” [56], titled “High power multi-pass laser
oscillators”.

We envisage a resonator scheme that solves present energy scaling limitations of
mode-locked multi-pass laser oscillators. The multi-pass oscillator we are proposing is
based on a concatenation of identical (or nearly identical) segments. Each segment is
equivalent to a roundtrip in an optically stable resonator containing one pass (or more)
on the same active medium, which exhibits soft-aperture effects. We demonstrate
that the multi-pass oscillator is inheriting the eigenmode properties of the underlying
segment as long as we consider aperture effects present in a real laser system. The
multi-pass oscillator realized in this way turns out to have the same stability properties
as an oscillator composed by a single segment.

Therefore, contrarily to the state-of-the-art layouts based on 4f-imaging, the stability
region of our multi-pass oscillator does not shrink with the number of passes at the
active medium. Hence, our design sustains variations of the thermal lens of the disk at
least one order of magnitude larger than to-date multi-pass design. This opens the way
for an order of magnitude increase of the output power and energy: pulses with mJ
energy at MHz repetition rates directly from an oscillator become feasible.
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e Additional result 2: A novel limitation of power scaling related to the change
of the thermal lens caused by the laser mode [561].

When designing resonators and multi-pass amplifiers, thermal lens effects at the
pumped medium need to be taken into account as they represent one of the
limitations for power and energy scaling even for thin-disk lasers. The design of the
optical layout has to be conceived to minimize the sensitivity of the laser mode to
changes of the thermal lens. For resonators, the sensitivity to variations of the thermal
lens is expressed using the so called “stability plot” (see Sec. 5.7.1). The resonator has
to be designed well within the stability region to avoid significant changes of the
eigenmode by variations of the running conditions (e.g. pump power).

However, another obstacle in power scaling of thin-disk lasers has been disclosed for
the first time in this thesis. This limitation is also related to the thermal lens effects.
More precisely, it is related to the self-driven growth of misalignment due to thermal
lens effects. This self-driven growth of misalignment arises from an asymmetrical
thermal lens (with respect to the optical axis) caused by a misalignment between the
laser beam position at the thin disk and the axis of the thin disk.

From a modeling of the coupling between thermal lens effects, misalignment and
resonator layout, we found a criterion which can be applied to design laser resonators
that completely avoid or strongly reduce this limitation.

¢ Additional result 3: Novel pump optic scheme for thin-disk lasers [53].

4f-relay imaging is typically used to realize the multi-pass scheme of the pump light,
needed to efficiently pump the active material. The standard realization of such a 4f-
based propagation is accomplished using a parabolic mirror and a system of prisms.
We generalized and extended this design resulting in new configurations having an
increased number of passes at the thin disk as compared to standard designs.

In a standard multi-pass pump design, scaling of the number of beam passes at the
disk brings about an increase in the overall size of the optical arrangement or an
increase in the requirements for the beam quality of the pump source. Such increases
are minimized in our scheme, making these schemes eligible for industrial applications
(high efficiency and low cost) and apt for the use of novel active materials with low
absorption.

Summarizing, besides having led to the measurement of five transition frequencies in muonic helium
impacting the proton radius puzzle and the understanding of two of the simplest nuclei, this thesis has
disclosed three major advancements in optics that address power scaling of one of the workhorses in the
high-power laser sector: the thin-disk laser. This thesis is organized as follows. In Chapter 2 the so called
“proton radius puzzle” is summarized. This forms the background of the experiment to determine the
Lamb shift in muonic helium. Then follows a description of the motivations and goals of the spectroscopy
of muonic helium as well as the main preliminary results. The experimental principle of the determination
of Lamb shift in muonic helium is given in Chapter 3 together with an overview of the setup that includes
the muon beam line, the laser system and the enhancement cavity.



Chapter 1: Summary

The other chapters are dedicated solely to the development of the thin-disk laser. An introduction to thin-
disk laser technology is presented in Chapter 4. Emphasis is placed on the thermal lens effects occurring
in the active medium, as this constitutes the most severe limitation in power and energy scaling of thin-
disk lasers. The designs of a laser showing insensitivity to thermal lens effects forms the central thread of
the development carried out in this thesis project. Aperture effects occurring in the pumped active
medium that are typically neglected when designing thin-disk lasers are detailed in Chapter 5. We
demonstrate that their inclusion in laser design is important and in some cases even mandatory to predict
the correct behavior.

In Chapter 6, there is a detailed description of the Q-switched thin-disk laser oscillator that has been
realized for the spectroscopy of the muonic helium ion. The multi-pass amplifier used to boost the energy
of the pulses delivered by the oscillator is presented in Chapter 7.

The remaining three chapters are dedicated to additional results of the laser development for muonic
atoms: Chapter 8 exposes a novel multi-pass resonator architecture whose stability range does not scale
with the number of passes, Chapter 9 a new limitation of power scaling and its consequences for laser
design, and Chapter 10 describes a novel pump optics design.
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2. Motivation

2.1. Spectroscopy of muonic hydrogen and the proton
radius

Highly accurate measurements of atomic transition frequencies can be used as precise probes of low-
energy properties of the nucleus. A particular class of atoms, called muonic atoms, offers the opportunity
to extract properties of the nucleus with higher precision. Examples of such atoms are muonic hydrogen
(up), the bound system of a negative muon and a proton, and muonic helium ions (p*He*, u3He*), the
bound state of a muon and an alpha particle or a helion. The properties of an atomic system are strongly
affected by the orbiting particle mass m. For example, the binding energy (Bohr structure) scales linearly
with m (for m>>M where M is the nuclear mass), while the Bohr radius scales with 1/m, resulting in binding
energies of several keV even for atoms with a low nuclear charge.

For hydrogen-like S states, there is a non-negligible probability that the “orbiting” particle is spending
some time inside the nuclear charge distribution, thus experiencing a reduced electrostatic attraction as
compared with a point-like nucleus. This reduced attraction, caused by the modification of the Coulomb
potential at small distances, gives rise to a shift of the atomic energy levels. The finite-size effect refers to
the difference between the energy level computed assuming a Coulomb potential and the energy level
computed using the potential from the realistic charge distribution of the nucleus parameterized by the
rms (root-mean square) charge radius Re. For H-like S states, the leading-order finite-size effect is [57, 58,
59]

2nZa 2m3(Za)*
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finite size

RZ, (1)

where ¢(0) is the wave function at the origin of the coordinate system, m, = mM/(m + M) is the reduced
mass of the atomic system, a the fine structure constant, Z the charge number of the nucleus and n the
principal quantum number. Simply speaking, the non-vanishing wave function of the muon inside the
proton means that the muon spends some of its time “inside the proton”. Here it feels a reduced Coulomb
attraction that shifts S states “upwards”, i.e. makes them less bound.

The m,? dependence of Eq. (1) reveals the advantages related with muonic atoms as the muon mass is 200
times larger than the electron mass, leading to an increase in the energy shift of m,’>~ 10”. Thus, the muonic
bound states represent ideal systems for the precise determination of nuclear rms charge radii R [1, 2, 4]
defined as the square root of the second moments of the electric charge distributions pg(r)

RZ = f d7pg (P)r. )

Note however that this definition is only appropriate in a non-relativistic framework. The covariant
definition of the charge radii reads [4]
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RE = —6h23—g‘§ (Q*=0), (3)
where G is the electric Sachs form factor, and -Q? = g2 is the four-momentum of the exchanged photon.
Due to the sensitivity of the muonic S states to the finite-size effect, the measurement of the 2S-2P
transition in muonic hydrogen represents a unique opportunity to deduce the charge radius of the proton
independently of the gross structure, i.e. (almost) independently of the Rydberg constant. The theoretical
prediction for the 25-2P;/; splitting in muonic hydrogen is summarized in [60] and reads

V
E§§_2P1/2 = 206.0336(15) [meV] — 5.2275(10) [r;n—ez] (Rg)2 +0.0332(20) [meV], (4)

where R/ is the proton charge radius. The first term accounts for quantum electrodynamic (QED)
contributions, the second one for finite-size effects (first order and radiative corrections to it), and the
third one for the two-photon exchange (TPE) contribution which is a second-order perturbation theory
contribution related with the proton structure which cannot be simply calculated in the framework of
bound-state QED. By equating the theoretical prediction of Eq. (4) with the value extracted from the
measurements, a proton charge radius R?: = 0.84087(39) fm [2] has been extracted which is by an order
of magnitude more accurate than the CODATA value of RPr=0.8751(61) fm [61]. Yet the value from
muonic hydrogen is 4% smaller than derived from electron-proton scattering [18, 22, 23] and H
spectroscopy [62] with a disagreement at the 7c level. This discrepancy is nowadays referred to as “the
proton radius puzzle”.

An equation similar to Eq. (4) can be formulated for the 2S-2P splittings in the muonic helium ions (see
Sec. 2.3). When compared to the corresponding measurements the alpha particle and helion charge radii
can then be deduced. However, before focusing on muonic helium spectroscopy we introduce first the
“proton radius puzzle” which represents the horizon motivating among others the muonic helium
spectroscopy experiment.

2.2. The “proton radius puzzle”

Historically, the fact that the proton has a finite size has been disclosed by scattering electrons off protons
(hydrogen gas target) and observing the angular distribution of the elastically scattered electrons. The
scattering distribution can be described by the electric and magnetic form factors Ge and Gy that account
for the complex structure of the proton. Making use of Eq. (3) the charge radius can be obtained. This
method is still used to date and provides charge radii with accuracies on the percent level [16, 17, 18].

A second way to the proton charge radius is through high-precision laser spectroscopy of the hydrogen (H)
energy levels that delivers radii with 1 % relative precision [61]. The third method, our method, is based
on laser spectroscopy of pup. The value extracted from pp [1, 2] with a relative precision of 5-10 is by an
order of magnitude more accurate than obtained by averaging the values from hydrogen [62] and
electron-proton scattering. Yet, the muonic measurement exposes a 6 o variance from this average value
that has been deduced by the CODATA group by performing a least square adjustment of several transition
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Figure 1: Proton charge radii determined from spectroscopy of muonic hydrogen (brown), from electron scattering
(green) and from H/D spectroscopy (blue). An additional value (red) extracted indirectly from muonic deuterium
combined with the H/D isotopic shift measurement (see main text for more details) shows the consistency of the
muonic results. Many more values have been extracted recently from electron-scattering data but for the sake of
simplicity we have neglected them, because some of them are controversial. (Figure reproduced from [63]).
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Figure 2: Deuteron charge radii determined from spectroscopy of muonic deuterium (red), from electron
scattering (green) and from D spectroscopy (blue). The most precise determination of the deuteron radius (brown)
comes from combining the proton radius from muonic hydrogen with the H/D isotopic shift. (Figure reproduced
from [63]).

frequency measurements in H, D, and electron-proton, electron-deuterium scattering data [61]. Some
values of the proton charge radius extracted from the three methods are summarized in Figure 1.

This discrepancy has attracted much attention ranging from studies of physics beyond the standard model
[9, 10, 11], to reanalysis of electron-proton scattering data [12, 13, 14, 15, 16, 17, 18, 19, 64], refinements
of bound-state QED calculations [24, 25, 26, 27, 28, 65, 66], and theories describing the complex low-
energy structure of the proton [29, 30, 31, 32, 34, 35, 36, 37, 67].

Several new experimental activities have been initiated in response to the observed discrepancy. On the
atomic physics side, these include experiments aiming at improving the laser spectroscopy in hydrogen to
check for possible tiny systematic effects [44, 45, 46]. In parallel, also spectroscopy of Rydberg states in
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highly ionized ions has been initiated [48] as well as spectroscopy of muonium [49] to improve on the
Rydberg constant that is fully correlated to the proton radius. Recently, high-precision spectroscopy of the
vibrational levels in molecular hydrogen [68, 69] has been proposed to deduce the proton charge radius,
and various experiments have been launched [68].

To improve the situation in the electron-proton scattering sector, several new experiments are ongoing
[39, 43]. This should serve to elucidate the tension existing between various electron-proton data analyses:
some vyielding radii compatible with pp [15, 19, 20, 21], some at variance [16, 17, 18, 70]. The difference
between various analyses has to be ascribed in particular to the method used to extrapolate to Q? = 0 from
the form factors measured at finite Q? > 0. The main challenge in these experiments is thus to precisely
measure the form factors G:(Q?) and Gu(Q?) at very low Q? (Q? = 0.001 GeV?/c?). To reduce the charge radii
with better precision, the new experiments therefore propose to deduce the exchanged photon
momentum Q? in the 10* GeV?/c? range: the JLAB experiment [39] by means of a non-magnetic
calorimeter, the new MAMI [42] experiments using initial state radiation and also a windowless target.

Another approach is followed by the MUSE collaboration at PSI [40]. The plan is to measure p-p, u*-p, e™-
p and e*-p scattering within the same setup. In this way, not only the absolute value of the proton charge
radius can be deduced but also a possible difference between the radius as extracted with electrons and
with muons. Hence, these measurements hold the potential to disclose a possible violation of muon-
electron universality.

Investigations of beyond standard model (BSM) physics as an explanation of the discrepancy observed are
numerous, see e.g. [9, 10] and references therein. The parameter space for this BSM explanation is small.
However, theories can be formulated able to explain the proton radius puzzle together with the 3.50
discrepancy observed in the muon g-2 experiment [71] without conflicting with other low-energy
constraints. They all predict new force carriers with masses in the MeV range.

Summarizing, currently 7 years after the first publication of the proton radius value from spectroscopy of
muonic hydrogen, the discrepancy persists. On the theory side, a myriad of reevaluations and refinements
of the atomic and nuclear physics have been accomplished while possible-beyond standard model physics
are not convincing. At this stage, it seems that only new experimental inputs hold the potential to clarify
the situation. From the experimental side, various activities have been initiated but to date no new results
(besides muonic deuterium) have been presented which could confirm or solve the discrepancy.

Spectroscopy of muonic deuterium has recently provided new insights into the proton radius puzzle [63].
Similar to muonic hydrogen, in muonic deuterium we have measured three transitions between the 2S
and the 2P states. The red point in Figure 2 shows the value for the deuteron charge radius extracted from
these measurements. The value is at a 6 o variance from the CODATA value [61] that represents the best
estimate of the deuteron radius obtained from electron scattering on protons and deuterons and precision
laser spectroscopy of H and D. Although the deuteron charge radius obtained from electron-deuterium
scattering is precise to the 0.5 % level [72], it is unfortunately not precise enough to pick out the value
from muonic deuterium or CODATA.

It is important to note that the CODATA value of the deuteron radius is strongly linked with the CODATA
value of the proton radius through the H/D isotopic shift [73]. By measuring the frequency difference
(isotopic shift) of the 1S-2S transition in H and D and by combining it with the corresponding theoretical
prediction, a correlation between the proton and the deuteron charge radii is obtained [73]
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(RE)* = (RP)* + 3.82007(65) fm?, (5)

where R? is the deuteron charge radius and R¢” the proton charge radius. Given the small uncertainty of
the numerical factor in Eq. (5), the 6 o variance between the deuteron radius from muonic deuterium [63]
and CODATA “simply” reflects the discrepancy of the proton radius values. It is therefore of interest to
consider the value of the deuteron radius without any influence of the proton radius. When selecting only
deuteron spectroscopy data the blue point in Figure 2 is obtained [74] , which deviates by about 3.5 o from
the muonic value [63]. This new discrepancy between the atomic physics determination of the deuteron
radius from electronic deuterium and muonic deuterium is thus almost as severe as the 4.0 o discrepancy
between the proton radius values from H and muonic hydrogen spectroscopy. Therefore, we are faced
with a double discrepancy: one in the proton sector, one in the deuteron sector [75].

The deuteron radius from muonic deuterium provides new insight into the proton radius puzzle. In fact,
when combining the deuteron charge radius from muonic deuterium with Eq. (5), another determination
of the proton charge radius is obtained as shown by the red point in Figure 1. This new indirect value of
the proton radius from muonic deuterium confirms the previously obtained value from muonic hydrogen.
Therefore, muonic deuterium on the one hand amplifies the proton radius puzzle; on the other hand, it
shows the consistency between the various muonic results. The difference of 2.6 o of the muonic values
could be attributed to an incomplete treatment of the calculated polarizability contribution (two-photon
exchange) in muonic deuterium, which is 50 times larger than in muonic hydrogen.

Conversely, the proton radius from muonic hydrogen can be combined with Eq. (5) to attain an indirect
value of the deuteron radius (brown point in Figure 2). Because of the fair agreement between the
deuteron radius extracted indirectly from muonic hydrogen and directly from muonic deuterium, we can
conclude that a hypothetical new force carrier (beyond the standard model) which would explain the
proton charge radius has to couple only weakly with the neutron. New physics explanations thus have to
assume a preferential coupling to muons and protons but not to electrons and neutrons in order to explain
the observed “double” discrepancy. Agreement between all spectroscopic results could be reached if the
Rydberg constant R. was shifted by = 7 o or the 1S Lamb shift contribution in H and D was corrected by
110 kHz that corresponds to about 50 times the claimed precision. Only in this way the proton and the
deuteron radii from pp and pd could be brought into agreement with the ones extracted from H and D
without calling for new physics explanations.

Muonic deuterium has thus provided an important information towards the resolution of the proton
radius puzzle. Spectroscopy of muonic helium will have a similar impact.

2.3. Spectroscopy of muonic helium

To shed light onto the proton radius puzzle in 2010 we proposed to measure several 25-2P energy splittings
in the p3He* and p*He* ions. The finite-size effect in uHe* is about 20% of the 25-2P energy splitting [26],
to be compared with the 2% effect in muonic hydrogen (see Figure 3). Therefore, a precision measurement
of the 2S-2P transition in the muonic helium ions, p*He* and p3He* can be used to deduce the
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corresponding nuclear charge radii with high precision provided that the theoretical predictions mainly
given by bound-state QED contributions are sufficiently accurate.

The theoretical prediction of the 2S - 2P1/; and 2S - 2P3/; energy splitting in u*He* can be summarized by
the following equations [76]

th _
E(2P1/z—251/z) = 1671.50(18) — 106.357(8) (R¥)? + 1.40(R¥)3 [meV] (6)

Eth

— pth
(p,/0-251)2) = E(ops jp2s,,) + 146.192(13) [meV] )

where R% is the charge radius of the alpha particle expressed in fm. The first terms on the right sides
represent the sum of QED contributions and the nuclear polarizability contributions. The other two terms
on the right side represent the finite-size contributions: the ones proportional to (R%)? arise from the one-
photon exchange and are given mainly by Eq. (1), the ones proportional to (R%)? arise from the elastic part
of the two-photon exchange contributions. Similar predictions exist for u*He*, but for simplicity reasons
here, we only consider the p*He* case.

As already mentioned, in two beam times in 2013 and 2014 we succeeded in measuring five transition
frequencies: two in p*He* and three in u3He*, the measured transitions are reported in Chapter 11. As an
example, the black full dots of Figure 4 represent the measured 2Ps; - 2S1/; transition in p*He*. The central
value of the red curve, which is the fit to the muonic resonance, will be eventually deduced with a
statistical precision of about 0.05I, where I = 320 GHz represents the FWHM line width. Its position has to
be compared with the colored horizontal bars (green, blue and purple). The green bar represents the
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Figure 3: Sub-level structure of the n = 2 state in p*He* (a) and in p3He* (b) caused by QED, fine and hyper-fine

effects. Indicated are the E1 transitions which have been addressed in our experiment and the energy shifts caused
by the finite-size effect. (Courtesy of R. Pohl)
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Figure 4: Measured 2P3/; - 2S1/; transition in p*He*. The black dots represent the muonic resonance line that has
been fitted by the red curve. The empty circles represent data where the laser was not shot. They can be used for
a precise determination of the background level. The various horizontal bars are explained in the main text.
(Reproduced from [76]).

position of the muonic transition assuming the bound-state QED theory of Eq. (6) and the alpha-particle
charge radius from electron-He scattering [77]. Its width is given by # 1 o of the theoretical uncertainty
that is largely dominated by the uncertainty of the alpha-particle charge radius. This time, differently from
muonic hydrogen, agreement is found between the results from electron scattering and spectroscopy of
muonic atoms. This agreement will strongly constrain the room for BSM physics.

The purple bar also assumes the alpha particle value from electron scattering. However, in this case a
beyond-standard model contribution as predicted in [78] to explain the proton radius puzzle is included in
the theoretical prediction. Obviously, our measurement disfavors this extension of the standard model. In
such a way, we demonstrate based on an example, how the muonic helium results can be used to infer
information on, and constrain, the proton radius puzzle.

The blue bar represents the position (its width being the # 1 o uncertainty) of the transition frequency
measured in u*He* from a supposedly erroneous experiment [79]. The observed discrepancy between our
measurement and the blue bar clearly confirms that the previous muonic helium measurement was wrong
as already pointed out in [80].

The measured transition frequency in u*He* (after accounting for minor systematic corrections) reads [76]

th _
E(2P1/z—251/z) = 368.660 (17) THz (PRELIMINARY) (8)

th _
E(2P3/2—251/2) = 333.352 (16) THz (PRELIMINARY), (9)
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with the uncertainty dominated by statistics. Similar values will be given for p*He* when the analysis is
concluded.

By comparing the measured transition frequencies with the corresponding theoretical predictions
summarized in Egs. (6) and (7) a new value of the alpha particle charge radius can be extracted [76]:

RY = 1.67829(53) fm (PRELIMINARY). (10)

This value is more precise but compares well with the value extracted from electron-proton scattering of
R% =1.681(4) fm [77]. Similarly, a comparison between the transition frequencies in p*He* with the
corresponding theoretical prediction can be used to deduce the helion-charge radius. At this stage, we
refrain from giving a value, as data analysis is still incomplete.

As can be seen from Eq. (10) the nuclear charge radii of the alpha particle will eventually be obtained from
muonic helium spectroscopy with a relative precision of 3-10"* limited by the polarizability contribution.
Similarly for the helion charge radius. These nuclear radii are interesting parameters for comparison with
scattering and He spectroscopy results [77]. Even more interesting from the physical point of view is the
comparison with the predictions from few-nucleon ab-initio calculations [81, 82, 83, 84, 85, 86, 87, 88].
Indeed these radii are benchmarks as important as the masses and the magnetic moments to test ab-initio
nuclear theories. Conversely, they can be used to fix some low-energy constants describing the nuclear
interaction in an effective approach.

These radii can be used also to improve on the absolute values of the ®He and ®He halo nuclei when
combined with the corresponding isotopic shift measurements [81]. Moreover, the difference between
the alpha-particle and helion-charge radii extracted from p*He* and p3He* respectively can be used to sort
out the 4 o discrepancy that presently exists between two 3He-*He isotopic shift measurements [89, 90].
When combined with measurements in regular helium and helium ions [50, 91, 92] our measurements
also lead to enhanced bound-state QED tests for one- and two-electron systems.

Therefore, besides providing additional insight into the proton radius puzzle, the spectroscopy of muonic
helium will provide benchmarks to understand the low-energy structure of the alpha particle and helion
nucleus. In a nutshell these are the motivations and physics impacts of the laser development we have
pursued in this thesis and described in the following chapters.
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3. The muonic helium experiment

The principle of the uHe* 2S-2P experiment [50] is to form pHe* ions in the 2S state, to excite the 25-2P
transition with a pulsed laser, and then to detect the emission of an 8 keV X-ray from the deexcitation of
the 2P state into the ground state as a signature of the successful laser transition. A resonance curve can
be obtained by plotting the number of 8 keV X-rays versus the laser frequency. By comparing the measured
resonance frequency with the corresponding theoretical prediction, the nuclear charge radius can be
determined.

An intense negative pion beam from the HIPA facility of the Paul Scherrer Institute, Switzerland is used to
produce a negative muon beam of few keV energy [1] that can be efficiently stopped in He gas at 3 mbar
pressure and room temperature. The low energy muons replace one of the electrons in the He atoms to
form muonic helium atoms in highly excited states with principal quantum number n = 14. The second
electron is also released by an internal Auger transition, thus leaving an excited pHe* ion. From these
excited states, various deexcitation processes take place as external Auger emissions and radiative decays
accompanied by Stark mixing within levels of the same principal quantum number. These deexcitation
processes (muonic cascade) feed the 2S state with a probability of 1.5(5) % [80, 93, 94], while the vast
majority of the deexcitation process ends up directly in the ground state without passing through the 2S
state as shown in Figure 5.

The lifetime of the 2S state is governed by three processes: the muon decay (the free muon lifetime is
2.2 us), two-photon transition to the ground state (2, = 1.18:10° s), and quenching by collisions with
neighboring He atoms (Iguench = 2.7 (1.0)-10% /(s mbar)) [80, 93, 94]. At the chosen pressure of 3 mbar that
is a trade-off between muon stopping efficiency in the He gas and collisional quenching of the 2S-state,
the 2S-state lifetime is of about 1.7 ps.

~14 |
Laser —— JP n
25 ) 1 B9

—2P

98.5%

=10keV
(a) 18 - (b) 18 -

Figure 5: Principle of the muonic experiment. (a) Schematic of the laser experiment whose goal is the
measurement of the 2S-2P transition. The on-resonance laser light excites the 25-2P transition. The 2P state decays
within a fraction of a ps to the ground state emitting an 8 keV X-ray. (b) Muonic atom cascade. The muonic atoms
are formed in a highly excited state with the principal quantum number n = 14. The subsequent muonic cascade
(deexcitation process) populates the 2S state with a probability of about 1.5%.
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With a delay of about one microsecond after the muonic atom formation, a laser pulse of 5-10 mJ energy
and a wavelength tunable between 800 and 970 nm arrives in the target region and is injected into the
multi-pass cavity which allows a homogeneous illumination of the muon stop volume and an enhancement
of the laser fluence. On-resonance light induces 2S = 2P transitions with a probability of about 20 %. From
the 2P state a rapid (within 1 ps) deexcitation to the ground state takes place with emission of an 8 keV X-
ray as shown in Figure 5. The detection of the 8 keV X-rays in time coincidence with the laser light can be
used as a signature of the occurred laser transition. In fact, the resonance given in Figure 4 shows the
number of 8 keV X-rays in time coincidence with the laser light normalized to the number of prompt 8 keV
X-rays produced during the muonic atom formation. This normalization accounts for the number of formed
muonic atoms at a given laser frequency so that fluctuations of the muon beam intensity and variations of
the measurement times are compensated.

The complex experimental setup we realized for this experiment can thus be divided into the following
components:

e Alow-energy beam line delivering 280/s negative muons with few keV energy. The muons arrive
at randomly distributed times and are detected in a non-destructive way prior to their entrance
into the He gas target.

e A He gas target containing the multi-pass cavity to enhance the laser light.

e A laser system that, on being triggered by the entering muon, delivers in a short time (< 1 us) a
pulse to drive the 2S-2P transition.

o A detector system for the detection of the 8 keV X-rays from the 2P-1S transitions and the
electrons from muon decay.

e A data acquisition and trigger system.

Some of these components will be discussed in more detail in the following.

3.1. The low-energy muon beam line

A schematic view of the low-energy muon beam line is shown in Figure 6. The main components are a
cyclotron trap (CT), a toroidal magnetic field acting as a momentum filter (MEC), and a solenoid (PSC)
where the gas target, the optical multi-pass cavity, and the detectors are placed. The CT consists of two
super-conducting coils creating a magnetic field similar to a “magnetic bottle” which acts as a trap for the
muons. Pions with a momentum of 100 MeV/c from the nE5 beam line at PSI, Switzerland, are tangentially
injected into the CT and degraded at the periphery of the trap. After crossing the degrader, the pions are
confined and brought into an orbit that passes close to the trap center. With a lifetime of 26 ns the pions
decay into muons. 30 % of these remain trapped in the CT due to the confinement exerted by the magnetic
field. A Formvar foil with a thickness of 200 nm is placed in the center of the trap. The trapped muons
cross this foil several times and their initial kinetic energy that is in the MeV range is moderated down to
a kinetic energy in the keV range. A nickel layer sputtered onto the Formvar foil is used to define the
electrostatic potential at the center of the trap to -20 kV. When the muons are slow enough, this negative
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Figure 6: Schematic of the low energy muon beam line for the 25-2P measurement in uHe*. Pions from the mE5
beam line are injected into the cyclotron trap (CT). In the trap, they decay in MeV energy muons that are slowed
down with the help of a metallized foil placed in the center of the trap that is set at high voltage (HV). This potential
is helpful to extract the muons with low transverse momentum from the trap. The ejected muons follow the
toroidal magnetic field (MEC) and are then focused into the 5 T solenoid (PSC) where the experiment takes place.
The insert is a zoom of the CT region showing also a schematic of a muon trajectory. (Reproduced from [50]).

potential applied to the Formvar foil provides an additional longitudinal momentum to the muons
sufficient to overcome the magnetic confinement [95].

Hence, the negative muons are ejected axially from the cyclotron trap and guided to the so called muon
extraction channel (MEC). The MEC is a segment of a toroidal magnetic field oriented in horizontal
direction as shown in the Figure 6 with an average field strength of B =0.15 T produced with 17 identical
coils. The muons exiting the CT are guided through the toroidal field of the MEC to the fringe field of the
5T solenoid (PSC). In such a way, the muons are transported from the high background region of the CT
into the low background region of the PSC. Momentum selection is achieved in the MEC due to the
inhomogeneity of the B field: the vertical position of the muons leaving the MEC field depends on its
momentum, so that the placement of a suitable aperture can be used to select the desired momentum.

As detailed in Figure 7, before stopping in the He gas target the muons are detected in a non-destructive
way using several carbon foils and an E x B filter. This detection works in the following way: a muon crosses
several carbon foils having a thickness of 40 nm and set at various high voltages between -12 and -2 kV. In
the foils the muons lose energy and additionally some electrons are emitted. The potential difference
between foils accelerates the electrons so that each muon leaving Stack 1 is accompanied by some
electrons. The following E x B filter separates the muon from the much faster electrons because the faster
electrons drift much less than the muon and can be detected by the plastic scintillator S;. Its signal is used
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Figure 7: Schematic view of the apparatus within the 5 T solenoid where the He target is placed. Before stopping
in the He gas target two stacks of carbon foils are used to detect the muons entering the setup. The non-
destructive detection of the muons is achieved by detecting the electrons that are emitted in the foils when
crossed by the muon. The electrons are observed by using plastic scintillators (S3, S;UP and S;3°%") connected with
long light-guides to photo-multipliers (PM3, PM; and PM3). The muon stopping volume is surrounded by the multi-
pass optical cavity to enhance the laser light. The laser pulse is coupled into the cavity through a small hole of
0.6 mm diameter about 1 ps after the muonic helium formation. (Adopted from [50])

to generate the trigger for the data acquisition (DAQ) and for the laser system. The muon then crosses a
second stack of carbon foils (Stack 2). The released electrons are again detected in both S;"? and S,%°"". A
delayed coincidence between the electron signals from S; and S; (S;"P or S,%°*") with the correct time of
flight corresponding to a muon with a kinetic energy of a few keV is used to trigger the laser and the DAQ
systems. The stacks of carbon foils provide the non-destructive detection of single muons and reduce the
energy of the muons from about 20 keV to few keV. These muons are efficiently stopped in our gas target.

3.2. The target region

After leaving the second stack of carbon foils the muons have to cross the 20 nm thick entrance window
of the gas target made of Formvar [61] and having transverse dimensions of 19 x 8 mm?. The gas pressure
of about 3 mbar as mentioned before was a trade-off accounting for the muon stopping efficiency and the
collisional-induced quenching of the metastable 2S state. As a consequence of the low pressure, the muon
stopping volume in the He gas is relatively large: its length is about 20 cm. This imposes hard requirements
on the laser system because it has to provide sufficient pulse energy to efficiently drive the 2S-2P
transitions (having small matrix elements) over this large muon-stopping volume (20 x 8 x 200 mm3).

As shown in Figure 8, around the muon stop distribution there are two mirrors forming the multi-pass
optical cavity to enhance the laser light. To detect the 8 keV X-rays two rows of 10 LAAPDs each, are placed
above and below the muon stopping volume [96]. These LAAPDs also serve to detect the electron from
muon decay, used to discriminate the good laser events from the background. This electron detection is
complemented by means of four plastic scintillators placed around the target to detect the fraction of the
electrons from muon decay spiraling in the magnetic field with large transverse momentum (relative to
the Michel spectrum end-point of 53 MeV).
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Figure 8: Side and upstream view of the target region showing the muon stop volume (purple), the X-rays detectors
(LAAPDs), the mirrors of the laser cavity (M1 and M2), and the four scintillators (orange in the upstream view) for
the detection of the electrons from the muon decay.

3.3. The laser system

A schematic view of the laser system developed for this experiment is shown in Figure 9. It is composed of
a pulsed thin-disk laser operating at a wavelength of 1030 nm and pumped with two cw diode lasers
operated at wavelengths of 940 nm and 969 nm. The frequency-doubled pulses of the thin-disk laser are
then used to pump a Titanium-Sapphire (Ti:Sa) laser whose frequency is controlled by a cw single
frequency Ti:Sa through an injection-locking mechanism. The pulses of the Ti:Sa laser which are in the
wavelength region of 800-970 nm and have a bandwidth of < 100 MHz are then transmitted from the laser
hut to the muon beam line and coupled into the multi-pass cavity surrounding the muon stop distribution.
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Figure 9: Schematic of the laser system for the uHe* 2S-2P experiment. Energies are given at running conditions
during the beam times.
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A muon entering the target region at random time triggers the laser system. More precisely, the
coincidence within the correct time of flight of the muon detectors (S1, S*; and S%°"",) is used to trigger
the Yb:YAG thin-disk laser which is composed of a Q-switched oscillator and a multi-pass amplifier (see
Figure 9). A short delay between laser trigger and emission of the pulse is achieved by continuously
pumping the active media of the thin-disk laser with 0.8 kW power so that the largest possibel amount of
energy is continuously available in the active medium. When the laser is triggered, this energy can thus be
released in a short time to build up the pulse.

Moreover, the thin-disk oscillator is operated in prelasing mode to further shorten the latency time of the
thin-disk oscillator down to 400 ns. The oscillator has been proven to deliver pulse energies of up to 110 mJ
(before optical damage occurs) but during data-taking it was operated safely at 25 mJ of pulse energy, to
ensure the needed stability, to cope with the stochastic trigger and the noisy environment of the
experimental hall. More details are presented in Chapter 6.

The pulses with a duration of about 40 ns delivered by the oscillator are then transmitted through two
optical isolators preventing optical feedback and are coupled into an 8-pass amplifier whose pulsed gain
is about 3.6 (at 90 mJ of output energy from the amplifier). The amplifier is based on a non-standard
configuration whose main peculiarity is its insensitivity to thermal-lens effects even for large beam widths.
The amplifier has been tested up to a pulse energy of 145 mJ. To avoid damage of the active medium and
some critical mirrors the amplifier has not been tested at higher pulse energies. More details about the
multi-pass amplifier are presented in Chapter 7 while a picture of the thin-disk laser developed for the
pHe* experiment is shown in Figure 10.

A frequency-doubling stage (SHG) is used to convert the wavelength of the disk-laser pulses from 1030 nm
to 515 nm which is a suitable wavelength for the pumping of the Ti:Sa laser. During data-taking the Ti:Sa
laser was pumped with pulses of about 50 mJ energy and delivered pulses with energies between 15 m)J
at A =840 nm and 8 mJ at A =970 nm. The Ti:Sa laser is a single-frequency ring oscillator with a cavity
length of about 1 m. While a prism performs a rough wavelength selection, the injection-seeding with cw
laser light from an external single-frequency cw Ti:Sa guarantees single frequency operation. The cw Ti:Sa
laser is stabilized on an external Fabry-Perot (FP) cavity which has been frequency calibrated using
saturation spectroscopy of Cs and a wave-meter.

Figure 10: Picture of the thin-disk laser enclosed in a Plexiglas box. The box dimensions are 110 x 190 x 50 cm3.



The thin-disk laser for the 25 — 2P measurement in muonic helium

190 mm | =——12 mm
! T — ]

- o
» M- stop volume : - 25 mm
-
M1 ﬂ ﬂ

\_R =110 mm B =65 mrad

4.5 mm—=
horizontal plane vertical plane

A =800 -970 nm

Figure 11: Scheme of the multi-pass cavity and its in-coupling as used in the beam time of 2014 to illuminate a
large volume. The multi-pass cavity itself consists of two 190 mm long mirrors. A focusing optical element is used
to inject the light through the 0.63 mm large hole in one of the mirrors. The cylindrical mirror (top) creates vertical
confinement for the incoming laser beam while the end-parts of the flat mirror (bottom) create horizontal
confinement. Injection under a finite angle in horizontal and vertical direction is used to illuminate the enclosed
volume appropriately for the experiment. The muon stop volume is given in purple.

The length of about 70 ns of the output pulse was chosen as a trade-off accounting for optical damage of
the enhancement cavity and the background rate in the observation time window of the 8 keV X-rays.
Adjustment of the pulse length was obtained by variations of the pump energy and pump-energy density,
the length of the optical cavity and the choice of the transmission of the out-coupler. These parameters
were varied depending on the laser wavelength during data-taking.

As visible in Figure 9, injection seeding was performed through the output coupler. Besides providing the
single-frequency operation, the seeding light also enforces the directionality of the light circulating in the
ring cavity. In such a way, feedback from the oscillator into to cw Ti:Sa laser is eliminated. Most importantly
we also protect the fibers used to transport the cw light from the cw Ti:Sa laser to the pulsed Ti:Sa laser
from the backwards traveling pulse.

Frequency chirps occurring in the pulsed Ti:Sa [97] laser have been quantified in two ways: using a wave-
meter apt for the measurement of pulses and by performing spectroscopy of a krypton-absorption line. A
frequency shift of -60 (20) MHz has been measured for a Ti:Sa output pulse energy of 8 mJ. This shift is
negligible compared with the statistical uncertainty of about 17 GHz of the frequencies of the measured
2S - 2P transitions in pHe.

The energy of the pulse emitted by the Ti:Sa laser is adjusted by means of a wave-plate and a polarizing
cube. The pulses are propagated from the laser hut to the nE5 area, where they first enter the muon beam
line, then the gas target. There they are coupled into the optical multi-pass cavity [55] surrounding the
muon stop volume used to enhance the laser fluence seen by the muonic atoms. The laser pulses were
reaching the target with a delay of about 900 ns with respect to the trigger time. A commercial beam
pointing stabilization system by TEM-Messtechnik having two two-axis motorized mirrors and two
quadrant detectors was used to minimize beam drifts at the entrance of the muon beam line. One
guadrant detector was placed in the laser hut, at the Ti:Sa laser output, while the second one was mounted
in the vicinity of the muon beam line.

The working principle of the multi-pass cavity [55] used to enhance the laser fluence is sketched in
Figure 11. This cavity consists of two 190 mm long mirrors (M1 and M2) placed alongside the muon stop
volume with a spacing of 25 mm. Mirror M2 is cylindrical with a curvature radius of R =100 mm. This
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mirror ensures confinement of the laser light in vertical direction. The other mirror, M1, is flat except for
the upstream and downstream extremities where two cylindrical end-pieces with a radius R =110 mm are
mounted. These end-pieces, which are curved horizontally, ensure the confinement of the laser light in
the horizontal direction.

The laser pulses are coupled with an efficiency (in terms of energy) of about 95 % into the cavity through
a small hole with a diameter of 0.6 mm at the center of the flat mirror (M1) with an angle of 40 mrad and
65 mrad in horizontal and vertical direction, respectively. This tilt is achieved by shifting the laser beam
off-axis with respect to the optical axis of the lens placed in front of the coupling hole as sketched in Figure
11. The shifts are 3 mm in horizontal direction and 4.5 mm in vertical direction. The purpose of this lens
with a focal length of 75 mm is to focus the beam down to a waist of about 0.1 mm at the center of the
coupling hole.

The in-coupled beam bounces successively between the two mirrors M1 and M2. The average number of
reflections depends on the average reflectivity of the mirrors over their large surface. The mirrors have a
nominal reflectivity of 99.98% between A =800 nm and A = 1000 nm. However, several loss mechanisms
reduce the efficiency: the non-specular scattering given by the surface roughness, the particulate
contamination, the imperfections of the coating, the losses at the coupling hole and the losses at the
transition regions between the flat mirror and the cylindrical end pieces. At best, a confinement time of
110 ns has been observed which corresponds to an average number of reflections of about 1300.

The tilt of the in-coupled laser beam, the divergence of the laser beam and the various parameters of the
cavity have been chosen to achieve an almost homogeneous light distribution in a volume with transverse
area of 190 x 8 mm?2. After in-coupling the laser light bounces between the two mirrors and spreads out in
the cavity. An example of a measured light distribution for an aligned cavity is shown in Figure 12. A
sufficiently homogeneous light distribution is observed. The “peak” close to the center is produced by the
first bounces of the laser light immediately after in-coupling, i.e. at a time when the spreading of the laser
pulse due to its divergence is still limited. In this measurement, the light is injected at a direction moving
to the right. Contrarily, the light distribution on the left side of the coupling hole shows a much better
homogeneity because this region is reached after a reflection at the right cylindrical termination of the flat
mirror. This implies that many bounces occur between the two mirrors before the pulse reaches the left
side of the cavity for the first time. The horizontal profile also shows two maxima at the end pieces where
the light moving outwards is reflected back towards the center.

Position on mirror [mm]

Intensity [arb. units]

Intensity [arb. units]
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Figure 12: Distribution of the light fluence inside the cavity measured using a thin wire that is moved along the
long “axis” of the cavity volume. The 2D plot shows the light distribution in the mid-plane in-between the two
mirrors M1 and M2. The corresponding horizontal and vertical 1D projections are also shown. The light is injected
in the center and moves initially to the right. (Reproduced from [55]).
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Figure 13: 3D drawing of the multi-pass enhancement cavity surrounding the muon stop distribution. The two
mirrors are given in green while the path of the laser pulse just before and just after in-coupling is drawn in red.
(a) Global view which shows the “monolithicity” of the mechanics which cannot be accessed during data-taking.
All adjustable components are accessible only from the top given the constraints from the target. (b) A cut of the
3D drawing of panel a) in the plane of the laser propagation. Various diodes (Q;, Eo, D;) are installed to monitor the
light in-coupling and distribution in the cavity.
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To prevent damage to the substrate when a misaligned laser beam impacts the borders of the coupling
hole we implemented a slit system (adjustable aperture) in front of the coupling lens (see Figure 13). In
addition, the position of the laser beam at the cavity hole is monitored by imaging the beam leaking from
the 45-degree mirror into a quadrant detector Q1.4 so that the quadrant position is equivalent to the
position of the hole. A large diode EQ is used to measure the incoming pulse energy. Several photo-diodes
Di have been placed on the backside of the mirror M2 as visible in Figure 13 (b) to monitor the light
distribution inside the cavity during data-taking. From this data, we extract the space-resolved intensity of
the circulating light and its lifetime. Non-optimal in-coupling, misalignment and possible damage of the
optical cavity were monitored in this way. The information from these diodes was recorded in the data
acquisition (DAQ) system and is used in the final analysis to correct for fluctuations of the pulse energy
and laser fluence on a pulse-to-pulse basis.

3.4. Requirements for the laser system

The muons reaching the He gas target have a stochastically distributed arrival time (cw muon beam) and
an average intensity of about 280 /s. The average laser-trigger rate Riser NOt only depends on the muon
intensity, but also on the required minimal delay time (dead time of the laser system) tn,» between two
laser shots:

1

R = tiaser = tmuon T tmin (11)
laser
where tmuon is the average time between two successive muons and tisr the average time between two
laser shots. Therefore, the dead time of the laser system has to be sufficiently short (<1.5 ms) to avoid a
significant decrease of the laser-trigger rate relative to the average muon rate.

Table 1: 2S - 2P transition properties for u*He* and p3He*. E differences, wavelengths, sub-level populations n and

the laser fluences Fsq required to saturate the transition are given. For the wavelengths, we assumed here the
predictions when we wrote the proposal.

Isotope Transition AE [meV] A [nm] Pop. (n) [J/FCS:;Z]
u*He* 2512 = 2p3) 1526 812 1 1.1
n*He* 2512 = 2p1) 1380 898 1 2.2
wHe  28{5°-2P75' 1119 1108 Y% 21
wHe*  281;0-2Pf 5t 1294 958 Y% 1.1
wHe'  2S{5'-2P5t 1286 964 % 3.2
wHe*  28{5'-2P5° 1344 923 % 6.4
wHe*  285'-2P5 5 1436 863 % 1.3

wHe*  28{5'-2P55t 1461 849 % 6.4
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Table 2: Requirement for the laser system used in the muonic helium experiment.

Wavelength (tunability) 800-970 nm
Pulse energy (transition dependent) 8-15m)
Pulse-to-pulse energy fluctuation <5%rms
Bandwidth <1GHz
Delay between trigger and pulse in the cavity <1luyus
Average trigger rate 200 Hz
Trigger time structure stochastic
Number of reflections in the enhancement cavity 1000
Uptime >90%

In the beam times of 2013 and 2014 we limited the minimal time between two laser shots to about
tmin = 1.5 ms. Shorter tni, were leading to pulse-to-pulse instabilities of the Ti:Sa laser. Therefore, the laser
system was triggered at an average repetition rate of about Rjgser = 200 /s during data-taking.

The short lifetime of the 2S state (1.7 us at 3 mbar pressure) also poses a tough requirement to the laser
system. Practically, the latency time of the laser system has to be smaller than 1 ps to avoid significant
losses of the 2S population prior to the arrival of the laser pulse which would result in a significant decrease
in the event rate. Therefore, the laser system has to deliver its pulse within 1 us after being triggered by
the muon entering our setup.

The laser system must also be tunable in the wavelength range from 800 to 970 nm. In fact, as summarized
in Table 1, the expected wavelengths of all-possible E1 transitions but one lie within this range. All these
transitions but the one at 1.1 um are accessible with a Ti:Sa laser. However, for several of these transitions
the Ti:Sa laser has to be operated far away from its gain maximum which is at a wavelength of about
795 nm. This has to be compensated by increasing the pulse energy of the pump laser (the thin-disk laser).

The transition probability W that a uHe* atom is exited from the 2S state to the 2P state by the laser pulse
is

W =ney5(1 — e F/Far), (12)

where £;5 = 1.5 % is the total 2S-state population at 3 mbar of pressure of the target gas, n is the fraction
of population within the 2S sub-levels, F the laser fluence and F.: the laser fluence needed to saturate the
transition. Here we assume that the laser frequency is resonant with the transition. The values of F: and
n are reported in Table 1 for each transition. Large laser fluences increase the event rate, but to avoid
power broadening of the transition the scan of the resonance has to be performed at fluences < F..t/2, so
that at most 30% of the sub-level population is transferred to the 2P state by the laser pulse.

Even though we are dealing here with E1 transitions, the saturation fluence required to drive the 2S - 2P
transitions in muonic helium is large because of the smallness of the muonic helium atom (small matrix
element). The required laser pulse energy depends on the saturation fluences, scales linearly with the area
of the cavity mirrors that needs to be illuminated, and scales inversely proportional to the enhancement
factor of the cavity. For the specific cavity previously described, an in-coupled pulse of 10 mJ energy yields
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alaser fluence of 0.8 J/cm?. This value has to be compared with the values of Fs;: reported in Table 1. When
accounting for non-negligible beam losses occurring between the Ti:Sa laser and the enhancement cavity
we see that the Ti:Sa laser has to deliver pulses with energies between 8 mJ and 15 mJ.

The goal of the experiment is to measure the 25-2P transition frequencies with a precision of about 50 ppm.
The transition frequencies must thus be determined with a precision of approximately 15 GHz, which
corresponds to /20 where I =320 GHz is the natural line width of the 25-2P transition. Therefore, only
moderate requirements for the laser bandwidth exist: it must be smaller than a few GHz, so that it does
not significantly affect the precision of the measured transition.

The various requirements for the laser system are summarized in Table 2. The pulse-to-pulse stability of
the laser is a relevant issue as variations of the pulse energy could result in a systematic distortion of the
line shape. An asymmetry of the average pulse energy between measurements on the left and on the right
side of the resonance (red and blue detuned, respectively) causes a shift of the line center of the measured
resonance. For this reason, we are recording the intensity of the laser light inside the cavity to be used
offline to correct for this effect. To keep these corrections small, long-term stability and small pulse-to-
pulse-fluctuations are advantageous.

The laser system has to operate continuously and with an uptime larger than 90 % over several months.
This is related to the low event rate of about 5 events/hour on resonance (1 background event per hour)
and to the large scanning range where the lines had to be searched due to the uncertainty of the nuclear
effect and the possibility of physics beyond the standard model.
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4.The active medium of the thin
disk

The thin-disk laser [98, 99, 100, 101] is a diode-pumped solid-state laser of high average power capability,
excellent beam quality and a high wall-plug efficiency. It represents one of the workhorses in the high-
power industrial sector and in research for continuous wave operation (CW), nanosecond pulse operation
(ns) and mode-locked (fs) operational modes. The power scalability of the thin-disk laser is related to the
geometry of the active medium and its pump and cooling schemes. In this chapter, we first introduce the
working principle of the thin-disk laser with an emphasis on the design of the active medium, its power
scalability and its limitations. Then we concentrate on the thermal lens effects of the active medium. In
more detail:

e Section 4.1: Principle of the thin-disk laser
The thin-disk laser concept and its power scalability are presented. This includes the geometry of
the active medium and an introduction to the typically used pump scheme.

e Section 4.2: Amplified spontaneous emission
The amplified spontaneous emission (ASE) represents a limitation for power and energy scaling.
Various active medium designs mitigating this limitation are discussed.

e Section 4.3: Thermal lens
In this section, three different effects contributing to the residual thermal lens of the active
medium are discussed. Spherical and aspherical components are scrutinized. Results of
simulations based on finite element methods are also presented.

e Section 4.4: Analytical model of the bending of the thin disk
A simple analytical model of the main thermal lens effect related to the bending of the assembly
of thin disk and heat sink is presented. It allows fast evaluation of the thermal lens effect. The
results are compared with finite element method (FEM) calculations.

This chapter is thus mainly devoted to the characterization of the thin disk: from the gain profile, to
thermal lens and aspherical optical phase distortions (OPD). The gain profile together with the
aspherical components give rise to aperture effects that are discussed further in Chapter 5. These
aperture effects have a significant impact on the design of resonators and multi-pass amplifiers.
Consideration of these aperture effects becomes mandatory, for example, for the multi-pass resonator
architecture presented in Chapter 8 apt for energy scaling of thin-disk mode-locked oscillators. The
thermal lens effects presented in this chapter are also at the core of a new scaling limitation disclosed
for the first time in Chapter 9 given by a self-driven growth of misalignment.
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4.1. Principle of the thin-disk laser

The thin-disk laser is a solid-state laser with the ability to generate high average power, high pulse energies,
with good beam quality and high efficiency [102, 103, 104, 105]. The active medium of a thin-disk laser is
a crystal (e.g. Yb:YAG) shaped as a disk typically with several mm in diameter and a thickness of between
100 and 400 um. The diameter is dictated by the output power and pulse energy, while the thickness
depends on the active material, its doping concentration and the mode of operation. The active medium
is pumped optically using high-power diode lasers of low beam quality.

The geometry of the active medium of the thin disk optimizes the thermal management of the heat
produced by the pumping process to minimize the thermal stress that may lead to fracture and
birefringence, and to minimize the gain losses due to the increase in temperature. This is especially
important for Yb:YAG as it is characterized by a strong thermal overlap between the ground state and the
lower laser energy level (for this reason Yb:YAG is often referred to as a quasi three-level system).

Thin-disk active  ~R-coating - —

Water
cooling

Heat sink/ Pump

HR-coating light in
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Figure 14: Principle of the thin-disk laser. The laser resonator is formed by the HR-coating on the backside of the
active medium, the active medium and the out-coupling (OC) mirror. The active mirror is contacted with a water-
cooled heat sink. HR = high-reflectivity coating, AR = anti-reflective coating.

A scheme of the working principle of thin-disk laser with an emphasis on the assembly of the thin disk and
the heat sink is depicted in Figure 14. A face of the cylindrically shaped thin disk is thermally contacted
with a water-cooled heat sink. The contacted face is coated with a high-reflective (HR) stack that serves as
a mirror for both the laser (A = 1030 nm) and the pump (A = 940 nm) wavelengths. A laser beam impinging
on the thin disk is thus amplified, back reflected and again amplified. By placing a mirror (out-coupler) in
front of the thin disk, a simple laser oscillator can be formed composed of the HR mirror, the active
medium, and the out-coupler. The pump radiation is brought to the thin disk in a quasi end-pumped
configuration.

To understand the superiority of the heat management in a thin-disk laser consider Figure 15. It compares
the temperature distributions of a pumped active medium for a rod laser (left panels) and for a thin-disk
laser (right panels). The rod is pumped and cooled radially. Therefore, for rods, the heat transport occurs
in radial direction, i.e. perpendicular to the laser direction. The radial heat removal brings about a radial
temperature profile with a maximum on the rod axis. The maximal temperature increases with the square
of the diameter of the rod (assuming constant and homogeneous heat generation in the rod volume) while
the minimum is at the rod surface which is typically water-cooled (see Figure 15 (c)). Hence, the maximal
temperature of the rod increases linearly with the output power (energy) whose scaling to avoid optical
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damage calls for an increase of the laser eigenmode (beam) width, and thus an increase of the rod
diameter to avoid optical damage. The parabolic temperature profile in the transverse direction gives rise
to a strong thermal lens effect because of the temperature dependence of the refractive index (dn/dT)
[106].

Contrarily, the thin disk is pumped in a quasi end-pumped configuration, and the heat flow occurs along
the disk axis that corresponds to the laser axis. As the temperature gradient is mainly along the laser axis,
the thermal lens effects related with the temperature dependence of the refraction index is strongly
mitigated. Still, as will be detailed later, thermal lens effects do exist and represent the most severe
limitation in power scaling of thin-disk lasers, given the large width of the eigenmode needed for high-
power lasers.

While heat removal from the central rod region is hindered by the necessity to cross a distance of several
mm comparable to the rod radius, heat removal in the thin disk is very efficient as heat transport occurs
over a distance of only about 100 um comparable to the thickness of the thin disk. Cooling of the thin disk
is thus effective, given the short distance the heat has to flow, and the large cooling surface relative to the
volume where the heat is produced (high surface-to-volume ratio).

Thin-disk lasers are considered power and energy scalable because the thermal lens effect and the
temperature within the active medium do not depend on the pump power but only on the pump power
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Figure 15: Temperature distributions in the active medium of a rod (left panels) and a thin disk (right panels). (a)
3D temperature distribution in a homogeneously pumped and transversely cooled rod having a maximum in the
rod center. The heat flow is in radial direction. (b) 3D temperature distribution in its thin disk. The heat flow is in
axial direction. (c) 1D temperature profiles of the rod (for a direction transverse to the rod axis) for two pump spot
diameters. The maximal temperature scales with the square of the diameter of the pumped region (rod) assuming
constant pump power density. (d) 1D temperature distributions at the surface of the thin disk in transverse
direction (perpendicular to the thin-disk axis) for two pump spot diameters assuming a constant pump power
density. The temperature in the central region does not depend on the pump diameter and the pump power but
only on the pump power density.
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density (see Figure 15 (d)). Thus, energy and power scaling can be obtained in principle “simply” by
increasing the pump spot and the eigenmode sizes while keeping a constant pump power density.

Moreover, the efficient cooling allows pumping in the kW power range and the use of quasi-three-level
system materials [107] having a low quantum defect and high gain. To date, the material of choice,
especially in industrial applications, is Yb:YAG. However, the community is searching and optimizing new
materials showing greater thermal conductivity, for higher output power and having larger bandwidths for
ultrashort pulse generation and tunable lasers [108, 109, 110, 111, 101].

The small thickness of the thin disk provides outstanding cooling and power scaling. Yet, in a single pass
through the active medium (the thin disk), only a small fraction of the pump light is absorbed. By making
the backside of the thin disk reflective also for the pump wavelength, a double pass in the active material
can be realized. Still, the absorption in this double pass is not sufficient. This shortcoming related to the
minor absorption of the pump radiation due to the small thickness of the thin disk can be compensated
using a multi-pass scheme for the pump light [112, 113, 53].

The working principle of this multi-pass pump scheme, which is used to redirect the (not absorbed) pump
light to the active material several times, is depicted in Figure 16. The light produced by a high-power
diode laser is first homogenized in either a multi-mode fiber or a rod homogenizer [100]. The output
surface of this optical element is then imaged into the thin disk with a suitable magnification. The light not
absorbed by the disk in the double-pass propagation through the active material is then redirected to the
disk after a 4f-propagation, which is realized using a system of prisms and a large parabolic mirror [100,
53]. Iterating this scheme allows the realization of multiple passes. The numbering given in Figure 16 (b)
describes the sequence of the pump beam positions at the parabolic mirror for the various passes. Starting
from position 1 the pump beam is moving towards the disk. At the disk, the light is back reflected to
position 2. From there the light is redirected to the system of prisms which retro-reflects the pump light
at position 3. From there the light reaches position 4 after a second reflection at the disk. Iterating this
scheme of reflections between thin disk, parabolic mirror and prisms, several passes at the active medium
can be realized. In the particular case depicted in Figure 16 (b) when the beam reaches the spot 14, it is
back reflected by the system of prisms so that the beam travels back the same path but in opposite
direction, doubling the number of passes at the thin disk.

From the optical point of view, the propagation of the pump beam follows the scheme: 4f-imaging, disk,
4f-imaging, disk... and so on. The imaging properties of the 4f-scheme reproduce the beam spot profile
and its divergence from pass to pass (neglecting phase-front distortions occurring at the disk). Therefore,
this multi-pass scheme can be used to generate a flattop profile, that is, a pump profile with sharp
boundaries. This is achieved because the light profile at the output face of the homogenizer typically has
a flattop profile. Imaging this profile into the disk and realizing the multi-pass propagation of the pump
light using a 4f-relay imaging results in a flattop pump profile. A well-defined pump region with sharp
boundaries is important particularly for three-level-system materials due to the high lasing threshold. By
contrast, a Gaussian pump profile would lead to a lower laser efficiency.

The multi-pass arrangement guarantees an efficient absorption in the order of 80 % of the pump beam.
Together with the use of Yb:YAG as an active material, a quasi three-level material, with large gain and
small quantum defect (laser wavelength at A =1030 nm, and pump wavelength at A =940 nm or
A =976 nm), this guarantees an overall optical-to-optical efficiency of up to 72 % [105] for the thin-disk
laser.
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Figure 16: Pump optic arrangement for thin-disk laser. (a) 3D scheme showing the various passes of the pump
beam at the disk based on an imaging scheme formed by a parabolic mirror and a system of prisms. The pump
beam is in red, the laser beam in blue. (b) Schematic of the beam routing at the parabolic mirror position. The
projections of the disk (red cross) and prisms (blue and green) are also shown. Using this configuration, the pump
light is redirected to the thin disk 14 times. See [53] for more details.

Summarizing, the temperature gradient in the thin disk is mainly along the thin-disk axis, which is parallel
to the laser beam axis. Together with the efficient cooling, due to the large surface-to-volume ratio, this
leads to a significant suppression of the thermal lens effect. An additional consequence of the geometry
of thin disk and heat sink is that the temperature in the pumped region only depends on the pump power
density (assuming pump diameters larger than few times the disk thickness). This feature underlies the
power scalability of thin-disk lasers because larger output power and energy can be reached “simply” by
scaling the pump and the laser beam sizes while keeping the same pump power density and laser intensity.

However, the increase of the laser mode needed for energy and power scaling results in an increased
sensitivity to the residual thermal lens effects which eventually limit the achievable scaling [100, 114, 115,
116]. Even though thermal lens effects are strongly suppressed in the thin disk, nowadays they still
represent the major limitation in power scaling due to the large laser beam width involved at the high
power (energy) frontier. This thesis focuses on the design and realization of resonators and multi-pass
amplifiers that minimize the sensitivity to thermal lens variations opening the way to energy and power
scaling.

4.2. Amplified spontaneous emission (ASE)

In this section, we briefly introduce an important limitation in power and energy scaling of thin-disk lasers:
the amplified spontaneous emission (ASE) [117, 118, 119, 120]. It is the large aspect ratio between the
transverse size (5 to 10 mm) of the pumped region and the thickness of the active region (100 um) that
gives rise to strong ASE effects in thin-disk lasers [121, 122]. In fact, as shown in Figure 17 (a), a laser beam
that is reflecting on the thin disk experiences a small gain, proportional to the thickness day of the active
medium. Contrarily a photon that is emitted spontaneously in transverse direction as shown in Figure 17
(b) is traveling a much larger (two orders of magnitude) path in the pumped region of the active medium
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experiencing a correspondingly larger gain. The amplification of the spontaneously emitted photon is thus
large and leads to a reduction of the population inversion with consequent decrease of the gain for the
laser light.

The amplification of the spontaneously emitted photon is further increased by the fact that a considerable
part of the spontaneously emitted light is trapped in the thin disk due to total internal reflection [123, 117,
121] as shown in Figure 18. Because of the total internal reflection, the ASE photons have a long path in
the pumped region and are redirected several times from the disk periphery to the pumped region. This
feedback to the pumped region significantly enhances the amplification process of the spontaneously
emitted photons. It may even happen that gallery modes start to lase within the active medium causing a
dramatic decrease of the thin-disk gain [124].

As ASE increases with increasing pump spot diameter, it represents a serious limitation to energy scaling.
For laser operation in the CW operational mode, this effect is mitigated because the circulating laser
intensity stimulates the coherent emission of photons into the laser beam. Oppositely, for so-called
fluorescence operation, where the laser is pulsed at low repetition rates, ASE limitations are severe
because prior to the formation of the laser pulse there is no circulating laser power. Thus, the large
majority of the pump power (we assume continuous pumping) is converted into ASE.
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Figure 17: Comparison between the path lengths in the active medium travelled by a laser photon circulating in
the thin-disk laser resonator (a) and a photon spontaneously emitted in transversal direction (b). The gain for the
laser light is considerably smaller than the gain for the spontaneously emitted photon given the fact that for typical
applications day = 100 um and the pump diameter Dp = 5 mm. The pumped region of the disk is marked in red; the
unpumped region of the doped thin disk is displayed in orange, and the heat sink is given in grey.
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Figure 18: The total internal reflection occurring at the active medium boundaries increases the path length of the
spontaneously emitted photons in the pumped region yielding a larger ASE effect. The pumped region of the disk
is in red, the unpumped region of the doped thin disk in orange, and the heat sink in grey. The arrows represent
the path of a spontaneously generated photon. For large values of the Dy/Dp, parasitic lasing within the disk may
occur the in form of whispering gallery modes [125].
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ASE has to be minimized because it decreases the gain and the energy stored in the active medium. This
can be achieved by optimizing the thin-disk geometry, by beveling the disk border, by the correct choice
of the HR coating, and the correct choice of the heat-sink material.

4.2.1.Reduction of the total internal reflection

Even though the front side of the thin disk is coated with an anti-reflective (AR) layer, the spontaneously
emitted photon with an angle larger than a material-dependent critical angle (with respect to the normal
of the surface) will undergo total internal reflection. For the front side of the thin disk, the critical angle
only depends on the refraction index of the active medium and the refraction index of air [117, 121]. Hence,
this angle can only be influenced by the choice of the active-medium host material (a reason to use fluoride
crystals).

The backside of the disk, on the contrary, has a high reflective (HR) dielectric coating that is highly reflective
for normal incidence but becomes transmissive at large angles relative to the normal of the surface.
Approximatively, the HR coating of the backside becomes transmissive for angles where the front side
becomes reflective due to total internal reflection. Differently from the front side of the disk, to
understand the fate of the photon that is transmitted by the HR layer, we also need to consider the
contacting of the active medium with the heat sink and the heat sink itself.

Consider first the thin disk design where the active medium is soldered into a metallic heat sink as shown
in Figure 19 (a). Even though the HR coating for large angles is transmissive, the metallization reflects back
the fluorescent light into the active medium. The ASE light is confined at the rear side of the disk by the
reflectivity of the metallic heat sink.

By placing an absorptive layer in between the HR coating and the metallization, the back reflection from
the heat sink into the active region could be eliminated or strongly reduced. Yet, this absorptive layer that
automatically occurs when the metallic layer contains chromium as bonding agent, increases heat
generation, reducing the optical damage threshold of the thin disk. Thin disks based on this design were
tested and showed an overall reduced performance compared with active material glued onto diamond
heat sinks [126].

In fact, the state-of-the-art thin-disk technology is based on the active medium being glued onto a diamond
heat sink as shown in Figure 19 (b). Here the disk is contacted with a diamond heat sink using an optically
transparent glue of high refractive index. Because of the large refractive indices of the glue (n = 1.5 [127])
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Figure 19: The reflection of the ASE light at the rear face of the thin disk can be reduced by suitable choice of the
heat sink and its contacting with the active material. In (a) the active material is soldered to a metallic heat sink
which reflects back the ASE light into the active material. In (b) the disk is contacted with a diamond heat sink
using an optically transparent glue of high refractive index. In (c) the water directly cools the HR coating of the
active medium. The larger refractive index of the water compared to air leads to a partial reduction of the total
internal reflection. The red areas indicate the pumped region, the orange ones the active material and the metallic
heat sink is shown in gray. The arrows represent the paths of spontaneously generated photons.
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and the diamond (n = 2.4), the ASE photons escape from the active material and are dispersed in the
diamond, reducing ASE effects. An optimized coating design accounting for the requirements of laser
bandwidth and pump incident angle (see e.g. [128]) in combination with the use of a high-refractive index
glue may significantly reduce the ASE effect and thus increase the gain of thin-disk lasers. Moreover, the
use of diamond as heat-sink material is very advantageous: its superior heat conductivity and stiffness
compared with metallic-based heat sink yields smaller thermal lens effects. The resulting lower
temperature reduces self-absorption and thus increases gain.

Another possibility to suppress ASE is shown in Figure 19 (c) where the active material is in direct contact
with the cooling water. In such a way, the critical angle above which total internal reflection occurs is
increased by the fact that water has a refractive index of n = 1.3. In this way, a considerable fraction of the
light is transmitted into the water and leaves the thin disk. Rofin-Sinar Laser GmbH introduced this design
for high power thin-disk lasers in 1999 [129]; however due to the pronounced thermal lens of this design
the laser design was limited to multi-mode lasers.

4.2.2.Beveling of the thin disk

The total internal reflection of the ASE radiation occurring at the disk borders redirects the ASE photons
into the pumped region as shown in Figure 20 (a) leading to a further amplification of the ASE. In order to
reduce this back-reflection from the disk periphery to the pumped region the disks may be beveled [117]
as shown in Figure 20 (b). Photons that were transported via total internal reflection to the periphery of
the disk experience an angle relative to the new normal of the disk surface that is smaller than the critical
angle. Therefore, they are transmitted and escape from the disk. For photons still impinging on the slanted
disk surface with an angle larger than the critical angle, total internal reflection occurs. However, the
beveled surface reduces the incidence angle of the photon at next arrival to the surface, so that photon
escape may occur.

Initially, beveling considerations were restricted to a single reflection at the edge of the thin disk. This
resulted in the idea that the optimal angle relative to the thin-disk surface was 66° [123]. However, it was
known that radiation absorbers usually made use of a grazing incidence as this increases losses [130, 131,
132]. Indeed, three-dimensional considerations showed that the photon escape efficiency increases with
decreasing angle [117, 133]. The only drawback associated with the small angle is the reduction of the
useful active region.

Another possibility to reduce the feedback from the periphery of the disk to the pumped region as shown
in Figure 20 (c) is to roughen the surface of the disk periphery [133] so that photons arriving in this region
may face angles smaller than the critical angle. The escape efficiency however is smaller in this case.
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Figure 20: Beveling and roughening of the periphery of the thin disk reduce the feedback caused by total internal
reflection from the disk border to the pumped region. (a) Feedback from the periphery to the pumped region
caused by the total internal reflection at the disk periphery. (b) Beveling of the disk periphery leads to efficient
extraction of the ASE photons. (c) Roughing of the disk periphery leads to partial out-coupling of the ASE light.
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4.2.3.Thicker thin disk

Another way to mithigate the ASE problem is to reduce the ratio of axial to transversal dimension of the
pumped region. This can be achieved by increasing the thickness daw of the thin disk as shown in Figure
21 (b). Therefore, the impinging laser beam experiences a longer path in the active region. As a
consequence, the laser gain is increased relative to the ASE gain. However, this increase in thickness
reduces the cooling efficiency and increases the temperature of the disk, which leads to a larger
reabsorption of the laser light (quasi-three-level system) and thus to a lower gain. These effects can be
partially attenuated by reducing the doping concentration that results in increased thermal conductivity
[101].

The larger thickness of the disk gives rise; not only to an increased temperature but also to a larger
deviation from a purely longitudinal heat flow causing stronger thermal lens and an increase of non-
spherical contributions to the thermally induced optical phase delay OPD (see Sec. 4.3). Therefore, the
optimization of the thickness of the thin disk daw is a trade-off between these various effects: ASE, thermal
lens, deformation of the beam, reabsorption, optical damage and mechanical stress. For the muonic atoms
experiments, a high gain and a large amount of stored energy are needed. For this reason we used disks
with a thickness of 450 um with a doping concentration of 5 % to be compared with the typical thickness
of 140 um and a doping concentration of 9 % used for CW or very high repetition rate operations [104,

134].
Thin-disk Thicker-disk Anti ASE cap
(a) Long path in high (b) Long path in low (c) Short pass in high
gain medium gain medium gain medium
Figure 21: (a) Standard disk with a large ASE effect. (b) Thicker disk: the path length of the laser photons is
increased compared to the path length of the ASE photons which remain the same as in (a). (c) Disk with an anti-
ASE cap made by the same host material of the active medium but without doping. Heat deposition only occurs in
the red region.
4.2.4 Anti-ASE cap

A decrease of the path travelled by the spontaneously emitted photons in the region with inversion
population can be obtained by bonding a cap of undoped material to the front side of the thin disk. The
anti-ASE cap only serves to dilute the spontaneously emitted photons so that they move in a region
without doping and thus in a region with no gain. This is possible because the refractive index of the anti-
ASE cap is similar to the refractive index of the doped material and therefore the total internal reflection
is suppressed at the interface between active medium and cap [125]. The heat generation only occurs in
the doped region, i.e. close to the heat sink [134, 135, 136]. Therefore, in this concept the temperature
distribution, the gain and the heat flow in the doped region are similar to the ones occurring in a standard
disk. Yet, the thermal lens effect in this type of thin disk is increased relative to a standard disk as the
expansion of the undoped cap contributes to the mechanical bending of the disk. In addition, the
aspherical components of the OPD are increased, due to a larger fraction of heat flow in radial direction.
Moreover, there is also some heat deposition in the undoped cap, which increases the temperature of the
front side of the disk.
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Manufacturing this type of thin disk is more complex and more error-prone. The interface between doped
region and undoped cap is exposed to high pump power and pulse energy. In addition, different thermal
expansions of the two parts lead to mechanical stress. Adhesive-free bonding (optical contacting) is the
method that can be used [137]. The reliability of the bonding process given the challenging requirements
in terms of mechanical stress, optical and thermal properties is not yet to the level required for industrial
applications, still very encouraging results have been observed as shown in Figure 22 and 23.

4.2.5.0ur choice

In the initial phase of this project, we performed some studies of the gain profile for a disk having larger
thickness (1 mm) and two disks each having an anti-ASE cap. We compared these measurements to a
standard disk having a metallic heat sink. The results are summarized in Figure 22 and Figure 23. One of
the two disks with anti-ASE cap (labeled “bonded 2” in the figures) shows an improved gain as expected
from the reduction of the ASE effects. The other (labeled “bonded 1”), due to manufacturing issues does
not show any gain improvement: with increasing pump power density it even performed worse than the
disk soldered on the metallic heat sink. This manufacturing problem becomes evident when considering
the 2D gain profile (not reported in this thesis) which shows a large asymmetry within the pumped region
growing with pump power. This can be attributed to a poor thermal contact. Thus, presently the risks
associated with the manufacturing of the thin disk with an anti-ASE cap outbalance the possible benefits.
Especially the optical damage in pulsed operation could become the weakest point of this design. This was
the reason for us to reject this design for our applications.
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Figure 22: Space-resolved gain profiles measured for three different disk designs at various pump powers. “Thicker”
denotes a disk of 1 mm thickness whose backside is directly water-cooled. “Bonded 1” and “bonded 2” denote
disks having anti-ASE caps of 0.8 mm thickness. In these three cases, the active medium is directly cooled by the
water, i.e. there is no additional support (in the form of a metallic heat sink or similar). “Soldered” denotes a
standard thin disk soldered to a water—cooled metallic heat sink. The gain is given for the 1030 nm wavelength,
the pump wavelength was at 940 nm, the total pump power is given in each panel. Details of the measurements
are reported in Sec. 4.5.5 a summary of the thin-disk parameters is provided in Table 3.
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The disk of 1 mm thickness (labeled “thicker” in the figures) for small pump power shows a slightly better
gain. However, with increasing pump power (density) the issues related with the heat deposition
outbalance the advantages related with the ASE reduction and therefore the performance decreases.

Thus, thicker disks do not show any gain increase, while the production of thin disks bonded to an anti-
ASE cap is not yet a mature technology apt for the high-energy operation required for our experiments.
On account of this preliminary study, which also includes interferometric measurements of the thin-disk
thermal lens, we discarded unsupported thin disks (active medium directly cooled by the water), or disks
with an anti-ASE cap. We opted to use thin disk glued onto a diamond heat sink. This choice is motivated
by the reduction of ASE effects as explained above, but also by the reliability of the manufacturing process,
the stiffness and the excellent thermal conductivity of the diamond heat sink that considerably reduce the
thermal lens effect compared with conventional thin disk soldered onto metallic heat sinks. In this thesis,
the thin disks glued onto diamond heat sinks were either delivered by TRUMPF or produced by our
collaborators from IFSW, Stuttgart.

Table 3: Parameters of the disks used to measure the space-resolved gain of Figures 22 and 23.

. Doping of
Name Thickness Yb:YAG Remarks
Thicker 1 mm gy | Directly water-cooled
Disk ideal for pulsed pumping
bonded 1 1 mm g9 | Directly water-cooled
200 um doped; 800 um undoped
bonded 2 1 mm g9 | Directly water-cooled
200 um doped; 800 um undoped
Soldered 0.2 mm 7% | Soldered to CuW
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Figure 23: Laser gain for various thin-disk designs versus pump power. Plotted is the on-axis gain for the
measurements shown in Figure 22.
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4.3. Thermal lens

The thermal-lens effect is strongly suppressed in the thin disk because of the efficient cooling and the small
temperature gradient in radial (perpendicular to the laser propagation) direction. Another consequence
of the thin-disk geometry is that the temperature in the pumped region and therefore the thermal lens
only depends on the pump power density (see Figure 15). These are the key properties underlying the
power scalability of thin-disk lasers. However, power and energy scaling require an increase of the laser
beam width resulting in increased sensitivity to the residual thermal-lens effects. In fact, the stability
region for variations of the thermal lens decreases with the square of the laser eigenmode width. As will
be demonstrated later, this increased sensitivity to thermal lens limits energy and power scaling [134, 138,
139] and calls for resonator and multi-pass amplifier designs having low sensitivity to thermal-lens
variations.

In Sec. 4.3.1, we introduce the various contributions to the optical phase delay (OPD) at the thin disk. In
Sec. 4.3.2, evaluations of the thermal lens effects using finite element methods (FEM) are presented while
in Sec. 4.4 a simple analytical model describing the bending of the assembly of thin disk and heat sink is
introduced. This bending, which is issued by the axial temperature gradient, gives rise to the largest
component of the residual thermal lens. A comparison between the simple analytical model and the
results from the FEM simulations is presented.

4.3.1.Thermal-induced OPD of the thin disk

Three main effects contribute to the thermal-induced OPD of the thin disk. These are summarized in Figure
24. The first and largest effect is related to the bending of the assembly of thin disk and heat sink caused
by the axial temperature gradient; the second effect is given by the thermal expansion in axial (laser)
direction; the third one is related to the temperature-dependence of the refractive index (dn/dT) of the
active medium.

Pumped region
~  —Disk
HR-coating
Heat sink

Figure 24: Thermal lens effect of the thin disk arising from the bending of the thin-disk assembly caused by the
temperature gradient in axial direction similar to the effect in a bimetallic strip. The red region represents the
pumped region, the unpumped region is given in orange. The temperature gradient in radial direction via the
dn/dT and the expansion in axial direction yield an additional optical phase distortion. I;, and /o, represent the
impinging and reflected laser beams, respectively.
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A FEM simulation of the temperature distribution in the disk in pumped condition is shown in Figure 25.
The backside of the heat sink is water-cooled down to 15 °C. The heat is generated in the pumped region
of the active medium and is transported, basically in axial direction, to the water-cooled surface. Within
the pumped region, the temperature distribution in radial direction is almost constant, as expected of a
purely axial heat flow. At the periphery of the pump region there is an almost step-like change of the
temperature (in radial direction).

The higher temperature in the pumped region leads to an expansion of the active material. The expansion
in axial direction, i.e. in laser direction, gives rise to a longer optical path for the laser light being reflected
at the “active” mirror. Hence, when only this effect is considered, the optical phase delay (OPD)
experienced by the laser light is larger in the central region. Because of the homogeneous temperature
distribution (in radial direction) within the pumped region, a laser beam experiences an OPD being
basically constant in this region (when neglecting the bending of the thin disk which is treated separately).
Contrarily, the abrupt change of the temperature in radial direction at the periphery of the pump region,
combined with a non-zero dn/dT, gives rise to an abrupt change of the OPD in this transition region.

The expansion in radial direction leads to a bending of the disk. In fact, the inhomogeneous temperature
distribution in axial direction gives rise to inhomogeneous thermal expansion. The rear side of the disk
having a lower temperature expands less than the front side. The different expansions of front- and back-
sides lead to a bending of the assembly of thin disk and heat sink similar to a bimetallic strip. The bending
of the assembly of thin disk and heat sink induces a bending of the HR layer at the rear side of the active
medium. An impinging laser beam being reflected at the disk is thus defocused due to the convex shape
of the HR coating (see Figure 24).

An example of a simulated OPD that accounts for the three effects previously mentioned (bending,
expansion in axial direction and dn/dT) using finite element methods (FEM) is shown in Figure 26. More
details about this simulation will be given in Sec. 4.3.2. Within the homogeneously pumped area, the OPD
can well be approximated by a parabolic profile given by the green curve. As the temperature in the central
part is approximately homogeneous in radial direction, the temperature dependence of the refraction
index (dn/dT > 0) and the thermal expansion in axial direction only cause a constant (x,y independent)
change of the optical phase delay. This does not produce any thermal lens effect. Thus, within the pumped
region the thermal lens effect can be well described by a spherical lens.

At the periphery of the pumped region, there is a quasi step-like variation of the temperature in transverse
(x,y) direction. Over this small distance, the bending of the crystal exhibits no substantial change. Yet, here
the OPD shows a deviation from the quadratic behavior because of the change of the refractive index
versus temperature (dn/dT), and the change of the thermal expansion in axial direction. This deviation
from the quadratic behavior is responsible for the excitation of higher-order beam components.

Outside the pump spot, the temperature of the active material is basically identical to the cooling-water
temperature. In this region, the thermal lens is induced by the deformation arising in the pumped region
combined with the mechanical constraints at the boundary. This may lead to significant aspherical
deformations of the OPD.
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Figure 25: Finite element simulation using “Autodesk Simulation Mechanical 2015”of the temperature distribution
in assembly of thin disk and heat sink as detailed in Sec. 4.3.2. The bottom surface of the heat sink is water cooled

at 15 °C. The disk was pumped with a power density of 8 kW/cm?2, and we assumed a diamond heat sink of 1.5 mm
thickness (the drawing is not to scale).

The optical phase difference relates the electric field of the laser beam before reflection Ein(x, y), to the
electric field of the laser beam after-reflection Eou(x, y),

.. _0PD(x,y)
Eout(x'y) = Ein(x:y)g(x;)’) e_lzn A ’ (13)

where g(x, y) is the space-resolved gain, A the laser wavelength and x, y the transverse coordinates. The
one-dimensional OPD can be represented by a Taylor series

OPD(x) = a + bx + cx? + ho(x), (14)
where a, b and c are constants and ho(x) represents the higher-order contributions.

Typically, only the quadratic part (spherical lens) of the OPD given in Eq. (14) is considered. In fact, usually
an OPD of the form OPD(x) = cx?, is assumed so that the thin disk can be described by a lens with focal
length of f=1/(2c). The constant term a only produces a global phase shift over the complete transverse
dimension of the laser beam. This global phase delay simply corresponds to a change in the effective length
of the resonator and is usually ignored. The linear term b x is also usually ignored because it simply
describes the tilt of a flat optical component, which is implicitly accounted for in the alignment procedure
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Figure 26: Space-resolved optical phase delay OPD(x) experienced by a laser beam reflecting at the thin disk. The
position x represents the distance from the disk axis. The crosses represent the results of the FEM simulations.
The fit to the FEM simulation in the central region (for [x/ < 2.5 mm) is given in green. The dashed line is the
residual of the fit, showing that at the periphery of the pumped region there are higher-order thermally induced
OPD components ho(x) # 0, while within the pumped region the OPD is well described by a thermally induced
spherical lens.
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of the laser resonator. This term however is playing a very important role, as detailed in Chapter 9, where
a novel power scaling limitation related with the interplay of thermal lens and misalignment effects is
presented. The higher-order contributions ho(x) have been widely discussed in the literature [140, 141,
142, 143] because they produce and excite higher-order beam components beyond the TEMOO Gaussian
mode. An OPD with non-zero ho(x) transforms an impinging Gaussian beam in the TEMOO mode into a
beam with a qualitatively different transverse structure (see Chapter 5 for more details).

4.3.2.Finite element method simulation of the OPD?

The temperature distribution within the assembly of thin disk and heat sink can be computed using FEM
simulations. We here perform full three-dimensional (3D) simulations unlike in [102, 144, 145] where
radial-symmetric two-dimensional (2D) models are used. The computational effort related with the 3D
modelling is higher and the resolution is lower. Yet, the 3D model allows us to capture the change of the
thermal-induced OPD when there is a misalignment between the pump beam and the laser. As is detailed
in Chapter 9, this change is at the core of the misalignment effect disclosed in [51] that represents a severe
limitation in power scaling of thin-disk lasers.

In the FEM simulations presented in the following, we assume a setup of thin disk and heat sink as
summarized in Figure 27. These material properties are summarized in Table 4. The setup is composed of
a diamond heat sink with a thickness of 1.5 mm and a diameter of 25 mm and an active material made of
Yb:YAG with a diameter of 20 mm and a thickness of 140 um. The thin disk is pumped with a flattop profile
with a diameter of 12 mm. Within the pump region of the active material, the pump process generates a
heat load rate of 50 W/mm?3. We assume the laser eigenmode to have a flattop profile with a diameter of
9.6 mm. We assume that within the laser eigenmode the heat deposition is reduced to 25 W/mm?. Our
model does not consider the thermal barrier and the mechanical properties related with the HR coating
and the glue used to contact the disk with the heat sink. In addition, we neglect the temperature-
dependence of the heat production and the variation of the heat conductivity versus temperature.

0,14 9.6

15

20
25

Figure 27: Thin-disk geometry used in the FEM simulations. The active medium of 140 um thickness and 20 mm
diameter is mounted onto a diamond heat sink of 1.5 mm thickness and a diameter of 25 mm. The pumped region
is 12 mm in diameter while 9.6 mm is assumed for the laser mode (flattop profile). The beveled heat-sink edge
diminishes boundary effects.

! Part of the text presented in this section is based on our publication [51].
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Table 4: Parameters assumed in the FEM simulations to model the thermal lens of the disk contacted with the
diamond heat sink as shown in Figure 27.

Yb:YAG (7%) thermal conductivity 7 W/mK
Yb:YAG Young’s modulus 300 GPa
Yb:YAG avg. thermal expansion 8-10°1/K
Yb:YAG refraction index change versus -
9-:10°1/K
temperature (dn/dT)
Thermal conductivity of diamond 1900 W/mK
Young’s modulus of diamond 1100 GPa

Average thermal expansion of diamond  9-107 1/K

Using this simplified model, which however captures the major features of the thermal-induced OPD, we
have obtained the temperature distribution as shown in Figure 28. For this simulation we assumed the
rear side of the diamond to be at a temperature of T =15 °C given by the cooling water. The front surface
of the thin disk reaches a temperature of about 100 °C. Due to the significantly higher thermal conductivity
of the diamond compared with the Yb:YAG, there is a large temperature gradient in axial direction in the
active material while the temperature of the heat sink is approximatively constant. The simulation also
shows that in the central region of the thin disk the temperature distribution in radial direction is
approximately constant (independent of x,y). This is a consequence of the homogeneous pumping and the
axial heat flow.

Laser operation changes the thermal load at the thin disk. In fact, laser operation reduces the heat
deposition in the thin disk because it increases the radiative deexcitation of the upper laser levels at the
expense of non-radiative deexcitation processes [51, 146, 147]. The reduction of the heat load due to laser
operation depends on various parameters such as active medium material, pumping and lasing
wavelengths [146, 147, 148, 149, 101]. In the simulations reported in the following, we assume that the
heat load at the thin disk is reduced by a factor of two when there is laser operation [148]. The exact value
of this factor at this stage is not important because here we are interested in conveying the qualitative
changes of the thermal lens caused by the laser operation.

°C
100
83
66
49
32
15

Figure 28: Temperature distribution of an assembly of thin disk and heat sink computed for no laser operation
(fluorescence mode). The parameters of the thin disk parameters are given in the main text and in Table 4. The
thermal load is 50 W/mm3 in the pumped active region.
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Figure 29 shows the effect of the laser operation on the temperature distribution in the thin disk for three
cases. In (a) the thin disk is pumped but there is no laser operation. The laser is operated in the so called
“fluorescence mode”. In (b) the thin disk is pumped with the same pump power density and pump spot
profile as in (a) but in this case there is also laser operation. The laser mode is smaller than the pumped
region (see Figure 27) and is aligned with the thin-disk pump-beam axis. The lasing process reduces the
heat rate at the laser beam (eigenmode) position by a factor of two. (c) Similar to (b) but for a laser beam
being 1 mm off-axis with respect to the pump and axis of the thin disk. The temperature decrease in the
laser beam region caused by the laser operation is well visible when comparing Figure 29 (b) and (c) with
Figure 29 (a) which represents the reference situation where the thin disk is in fluorescence operation.
The asymmetric temperature distribution caused by the off-axis laser beam visible in Figure 29 (c)
produces an asymmetric mechanical deformation of the assembly of thin disk and heat sink, which in a
first approximation corresponds to a tilt of the assembly of thin disk and heat sink. As detailed in Chapter 9,
this may give rise to a growing misalignment of the laser resonator, limiting power scaling of thin-disk laser
oscillators.

Starting from the temperature distribution it is possible to compute the disk bending using a “second”
FEM simulation. The red curve in Figure 30 represents an example of such a simulation. The simulations
have been computed assuming that the active medium and the substrate of the heat sink are bonded
together, i.e. that there is no slippage at their interface.

The green curve in Figure 30 shows the OPD changes only related to the change of the optical path length
caused by the thermal expansion in laser direction and by the change of the refractive index versus
temperature. The optical phase delay caused by these two effects can be computed using the following
equation

Z0 Z0
OPD an(x,y) = 2 f npump(x:yvz) dz — Zf no(x,y,z) dz, (15)
0 0

z—expansion & at
where npump(X, y, z) and no(x, y, z) is the refractive index between the HR coating and the plane at Z=Z0 as
shown in Figure 31 for the pumped active medium and the unpumped active medium, respectively. The
factor of two is required because the reflecting laser beam crosses the active medium twice. Note that
space-resolved refractive index npump(X, y, z) and the thermal expansion at each position (x, y, z) in the
active medium are based on the temperature distribution computed in the first FEM simulation.

Temperature
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83
66
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32
15

(b) (c)

Figure 29: Temperature distributions of the assembly of thin disk and heat sink computed with FEM methods for
three different conditions [51]. (a) In fluorescence operation, i.e. when the thin disk is pumped but there is no
laser operation. The heat deposition in the pumped active region is 50 W/mm?3. (b) In laser operation, showing the
temperature decrease in the central region at the location of the laser beam where the heat load is assumed to
be halved. (c) In laser operation similar to (b), but in this case the laser beam is 1 mm off axis.
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Figure 30: Optical phase delay (OPD) as a function of the distance from the axis of the thin disk obtained from FEM
simulations. The total OPD (black) is dominated by the bending whose contribution is given in red. The OPD related
with the expansion in axial direction and by a non-vanishing dn/dT are accounted for in the green curve.
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Figure 31: Scheme of the reference system used to compute the integral along the z-axis of Eq. (15) for an
unpumped disk (a) and a pumped disk (b).
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As a result of the almost homogeneous temperature distribution within the pumped region, the OPD
related to these two effects has a step-like profile. Its constant value (OPD(x, y) = const) in the pumped
region does not affect the properties of a (weak) laser beam impinging on the thin disk beside a global
(position independent) phase shift provided the laser profile is smaller than the pump profile.

Figure 32 (a) and (b) show the OPD occurring at the thin disk in fluorescence mode computed in the
“second” FEM calculation that accounts for mechanical deformations and is based on the temperature
profile of Figure 29 (a) computed with the “first” FEM simulation. Figure 32 (c) and (d) show the OPD
occurring at the thin disk in laser operation based on the temperature distribution of Figure 29 (b). In laser
operation, the thin disk thermal lens is reduced because of the lower heat-rate deposition, but the
complexity of the OPD increases.

These simulations include the three effects discussed above (bending, expansion in axial direction, dn/dT)
and assumes the parameters summarized in Table 4 and Figure 27. The total OPD experienced by the laser
beam (black crosses in Figure 32) in the central region is fitted with a parabolic profile. By subtracting this
parabolic profile (the thermal lens) a residual OPD is obtained indicated by the dashed curves. The
residuals are essentially flat in the central part of the thin disk. Here, the OPD behaves as a spherical lens.
The deviations of the residual from this flat behavior that occur at the periphery of the pumped region
give rise to a non-vanishing ho(x) which results in the excitation of higher-order beam components beyond
the Gaussian mode.
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Figure 32: (a) Mechanical deformations of the assembly of thin disk and heat sink computed using FEM simulations
based on the temperature profiles given in Figure 29 (a) for a thin disk operated in fluorescence mode (only
pumping). The axial dimension has been magnified by a factor of 10 to visualize the deformation. The color-coding
corresponds to the displacement in axial direction relative to the reference value defined for unpumped conditions.
(b) Corresponding position-dependent total OPD (black crosses), its parabolic fit (green continuous line) and the
residual between fit and FEM data (black dashed line). The total OPD has been fitted with a parabolic profile in the
range [x/ < 2.5 mm. The flatness of the residual in the central region demonstrates that the thermal lens effect in
this region can be approximated with good precision with a spherical lens. Oppositely, at the periphery of the
pumped region there are higher-order deviations. (c) Similar to (a) but for the temperature profile of Figure 29 (b),

i.e. for laser operation. (d) Similar to (b) but for laser operation.

For Gaussian laser beams and Super-Gaussian pump profiles, the ho(x, y) are reduced given the smoother
profiles compared to the flattop profiles that were assumed in the FEM simulations to better differentiate

the various contributions.

In conclusion, FEM simulations demonstrate that to avoid distortions of the laser beam profile the width
of the impinging laser beam has to be smaller than the pump profile. Larger beam widths could be
advantageous as they reduce the issues related with optical damage. However, this would lead to greater
losses and the excitation of higher-order beam components that may result in “hot spots” in the laser
beam profile. These effects have to be considered when designing thin-disk resonators and multi-pass

amplifiers (see Chapter 5).
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4.4. Analytical model of the bending of the thin disk

In this section, we present a simple analytical model of the bending of the thin disk caused by the
inhomogeneous temperature distribution in axial direction. An analytical expression for the radius of
curvature of this bending and therefore of the spherical lens can be derived using this simple model. This
analytical model, which captures the main contribution to the thermal lens effect, can be used for a quick
optimization of the design of the assembly of thin disk and heat sink avoiding time-intensive FEM-based
simulations.

Modelling of the bending starts from the knowledge of the temperature distribution. Then the
temperature distribution is used to compute the free expansion of the assembly. In a third step, by
constraining the position-dependent expansion so that the elastic potential energy in the assembly is
minimal, the bending radius of the assembly is obtained. In the following, we will describe these three
steps and conclude by presenting a comparison of the results obtained using this analytical model with
the results from FEM simulations.

4.4.1.Temperature gradient in the assembly of thin disk and heat sink

In this simple stationary model (similar to [140]), we assume a homogeneous heat rate load over the whole
volume of the active material and the diameters of the active material and the heat sink are identical.
Therefore, the heat flux is purely in axial (z) direction toward the backside of the heat sink that is water-
cooled. This heat flux gives rise to a temperature gradient in z-direction, while the temperature
distribution in radial direction is constant T(x,y,z) = T(z). As the occurring temperature range is between
293 K (temperature of cooling water) and 400 K (peak temperature at used power density) we do not have
to consider the temperature-dependence of the heat conductivity so that we can make use of the simple
linear model [150]. To deduce the temperature distribution T{(z) inside the assembly of thin disk and heat
sink we make use of the relation between heat flux density ¢4(z), the temperature gradient d7/dz and the
thermal conductivity A given by

¢q(z) = —AdT/dz. (16)

The coordinate z is defined starting from the rear of the heat sink, which is in contact with the cooling
water as shown in Figure 33. As summarized in this figure we further denote the thickness of the heat sink
as dus and the thickness of the active material as dawm.

As the heat deposition only occurs in the active material, the heat flux in the heat sink is constant, i.e. it
does not depend on the z position. Moreover, because of symmetry, it is independent of the x and y
coordinates. The heat-flux density (absolute value of the heat flux per unit area) expressed in W/m? in the
heat sink is thus given by

$q(2) = @ day  for (0 <z <dys), (17)

where @ represents the heat rate deposited in the active material per unit volume expressed in W/m?3. The
temperature gradient within the heat sink is thus constant and can be obtained simply by inverting Eq. (16)
using the thermal conductivity of the heat sink Ags:
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Figure 33: Scheme of the parameters of the thin disk and reference system used to describe the analytical model.

dT

& e —40(D/Ans (18)

Integrating this equation and inserting the heat flux density of Eq. (17), we obtain
T(Z) = T(O) + ] dAM Z//lHS for (0 <z < st) ) (19)

where T(0) is the temperature of the water-cooled surface at z = 0. We assume here that the temperature
of the water-cooled surface of the heat sink does not depend on the thermal load.

To compute the temperature within the active material we proceed in a similar way. First, the heat flux
density needs to be computed: the heat flux density is zero at the front side of the active material
@q(z =dam +dus) =0, and it increases linearly with decreasing z until it reaches the value of
@q(z = dus) = @ dam at the interface between the active material and the heat sink. Therefore, the heat flux
density in the active medium takes the form

$q(2) = ¢ (dys + day — 2) for (dys <z <dys+ dan) - (20)

Integrating Eqg. (18) adapted for the thermal conductivity of the active medium using the heat flux of
Eq. (20) we find that the temperature in the active medium is

@ day dys n ¢ dAM2 —(z—dys — dAM)2

T(z) =T(0) +
Ans 2 Aam

(dam + dys — 2) (21)

for (dHS <z< dHS + dAM) ,
where Ay is the thermal conductivity of the active medium.

Figure 34 shows a plot of the temperature distribution in the thin disk calculated from Eqgs. (19) and (21).
The temperature is plotted as a function of the axial distance z from the water-cooled surface. As the
thermal conductivity of the heat sink is significantly higher than the one of the active material, there is a
significantly lower temperature gradient in the heat sink as compared to the gradient in the active medium.
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Figure 34: Temperature profile in the thin disk. Plotted is the temperature difference AT = T(z) - T(0) inside the

active medium (green curve) and inside the diamond heat sink (red curve) relative to the water-cooled surface of
the heat sink. Assumptions: dys = 1.5 mm, day = 140 um and ¢ = 50 W/mm3.

4.4.2.Free thermal expansion

The knowledge of the temperature distribution can be used to compute the thermal expansion of the
assembly of thin disk and heat sink. We first consider the local (position-dependent) free thermal
expansion [150] associated with the two materials composing the assembly. The one of the heat sink is

&(Z) = Qys @ dam Z for (O <z< st) , (22)
L Ans

where ays is the thermal expansion coefficient of the heat sink. Similarly, the local free thermal expansion
of the active medium is

2 (2) = cqqy (222008 4 @ dan —Cnis ™) for (g <2 < g+ dar), (23
where aau is the thermal expansion coefficient of the active medium. A plot of this local thermal expansion
as a function of the position along the z-axis is shown in Figure 35. The thermal expansion of the diamond
heat sink is small compared with the thermal expansion of the active medium, for two reasons: small
thermal expansion coefficient and small temperature differences AT = T{(z) - T(0) between pumped and
unpumped conditions.

The discontinuity at the interface between the active medium and the heat sink is given by the different
thermal expansion coefficients of the two materials. In contrast, note that the temperature at the interface
is continuous.

The thermal expansion AL/L occurs in the three dimensions: x, y and z. In z-direction this expansion is not
restricted as in this direction each material layer with constant z = zp is simply displaced in z-direction by
the integral expansion of all the layers beneath. Each layer with constant z can thus freely expand in z-
direction given the absence of mechanical constraints.
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Figure 35: Local thermal expansion of the assembly of thin disk and heat sink for the temperature distribution of
Figure 34 computed using Egs. (22) and (23) aan =8 10° 1/K and ays =9 107 1/K. We assume that the expansion
can occurs freely (no boundary conditions) over the whole volume of the disk assembly.

Contrarily, in the transverse (x and y) directions the expansion cannot occur freely. On the one hand, the
layers at z and z +dz expand differently according to their temperature T and T+ dT and material
properties. On the other hand, the two layers are mechanically connected so that slippage of two layers
in transverse direction cannot occur. However, the thin disk can bend as sketched in Figure 36 to
accommodate for the inhomogeneous thermal expansion and the requirement of mechanical continuity
without slippage between the various layers.

4.4 3.Bending of the assembly of thin disk and heat sink

The aim of this section is to provide a modelling of the bending of the thin disk and to deduce the bending
radius as a function of the various geometrical and material parameters of the assembly. Due to the
homogeneous thermal load over the transverse direction, we assume a pure spherical bending of the
assembly. Therefore, the volume of the assembly of thin disk and heat sink can be divided into identical
“unit cells” as shown in Figure 36 so that the constrained thermal expansion in the transverse direction
takes the simple form of a first-order polynomial

(AL—L> (z) =A+ Bz (24)

where A and B are constants. Other functional shapes would lead to “unit cells” surfaces not matching to
each other, which corresponds to a fracturing of the assembly.



Chapter 4: The active medium of the thin disk

x=BLz+L

Figure 36: Sketch (not to scale) of the bending of the assembly of thin disk and heat sink due to the inhomogeneous
temperature distribution, hot at the front side (red), cold at the rear side (blue). The black lines are used to indicate
qualitatively the geometry of the “unit cells”. The bending of the assembly is not to scale; it has been increased by
two orders of magnitude in order to make the effect visible. R is the bending radius.

Using trigonometric relations and assuming the transverse size of the thin disk to be much smaller than
the bending radius R of the assembly, we find

R=——. (25)

The minus sign indicates that the thin disk acts as a defocusing optical element. Because the focal distance
of a mirror is R/2, we obtain a focal strength of the thin disk V (in dioptric power) of

V = —2B. (26)

The inhomogeneous thermal expansion produces a position-dependent internal stress (force per area) on
the material, which causes a strain. For a linear material the elastic potential energy stored per unit volume
is given by [150]

2
Upor = %E (ATZ> , (27)
where E is the Young’s modulus and (Al/l) the strain. The radius of curvature of the assembly can be
obtained by minimizing the total elastic energy stored in the assembly of active medium and heat sink
[150]. The potential elastic energy arises from the difference in length expansion between the free thermal
expansion (AL/L)see and the resulting expansion after mechanical bending (AL/L)sending. The total potential
elastic energy Upot in the assembly is thus given by

2
1 AL AL
ot [ 2((E) () Y arava, 29
pot 2 L free L bending Y
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where the integral runs over the whole volume of the assembly. Because of the homogeneity in transverse
direction the x and y integrations can easily be performed so that the potential energy becomes

2

F 4ustdam AL

Upot == f E() <(—) — A+ Bz)) dz, (29)
2 0 L free

where Fis the transverse surface of the assembly. Note that the Young’s modulus E = E(z) depends on the
z-position because the assembly is composed of various materials. The parameters A and B have to be
chosen so that the potential energy Upot is minimized. This leads to the conditions dUyet/0A = 0 and
OUpot/OB = 0. The derivative

dUpot/ 0A = 0 (30)

is equivalent to

. deHSWAM E(2) <<AL_L>free —(A+ Bz)) dz . (31)

Inserting the free thermal expansion of the active medium and of the heat sink given in Egs. (22) and (23),
and the Young’s modulus of the heat sink E4s and of the active medium Eay, we obtain

dys d
Ozf EH5<A+BZ_aHSuZ)dZ
0 AHS

(32)

@ day dys @ dAM2 —(z—dys— dAM)2>
+ = dz.

dam
+ E A+ Bz —
fo M 7 Gam ( Aus 2 Aam

The solution of this integral then leads to the following equation for A and B:

0=0d Eys aps dIZ-IS Eam @am Aus day . Eam Qam dflM
P T 20 Aus 3w

(33)

+ Eay dys dam +

Eyg d? Eapy di
—-B ( HSZ L AMZ AM) — A (Eys dys + Eay dan) -

In a similar way applying the condition dU,./0B = 0 to Eq. (29), we obtain

0=2 f e ) ((ﬁ) A+ Bz))z dz (34)
0B 0 L free .

After performing the derivative this equation transforms to

. deHSMAM 2E(2) ((%)me — A+ Bz)> dz. (35)

Inserting the free thermal expansion of the active medium and of the heat sink given in Egs. (22) and (23),
and the Young’s modulus for the heat sink Eys and of the active medium Eayv, we obtain

duys d
0= f z Eyg (A+BZ—(ZH5 <PA M Z) dz (36)
0

HS
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O day dys @ dAM2 —(z—dys— dAM)2>
+ = dz.

dam
+ E A+ Bz —
fo Z Lpm Z — 0am ( Aus 2 Tt

The solution of this integral gives rise to another equation for parameters A and B:

0= od EHSaHSdI?:lS EAMaAMdI%ISdAM EAM“AMdHSdiM EAM“AMdHSdfo 5EAM“AMd,?1M
$lam\ T 30,5 Aas 3 2s 2405
3 3 2 2 (37)
Eysd E pd Eyed E ud
-B <% + Eqmdiisdan + Eaudysdiy + AM3 AM) -4 < HSZ L Eamdysdam + AMZ AM) .

By combining Eq. (33) with Eq. (37) the two parameters A and B can be deduced as a function of the
geometrical and material properties of the assembly and the heat rate density deposited in the active
medium. In this model, the dioptric power of the thin disk is given by

V= (o . 2EfsaysdiisAam — 4EusEam@usdisdamAay — 6EnsEan@ysdiisdiudan + 12EysEqy ysdisdayram
Atisam Efisdfs + 4EysEaydisdan + 6EysEandfisdiy + 4EnsEamdusdiy + Exudiy

(38)

Qday . 4EysEan@amdiisdinAns + 12EysEay @am dfisdauram — SEnsEam@amdusdantns + Eiu@andivAns
AtisAam Efsdps + 4EysEand}isday + 6EysEaydfisdiy + 4EysEamdysdiy + Exydin

This equation allows the evaluation of the thermal lens that can be used for a fast optimization of the thin
disk geometry and material composition. Indeed, this evaluation is significantly simpler and faster than
the corresponding assessment with a FEM simulation.

4.4 4 Results from the analytical model and comparison to FEM
simulations

In this section, Eq. (38) is used to evaluate the dioptric power of the thin-disk assembly for various heat-
sink materials and thicknesses and the results are compared to various corresponding FEM simulations.
This comparison serves, on the one hand, to validate our model and on the other hand, to quantify its
precision.

Figure 37 shows the dioptric power of the thin disk as a function of the thickness of the heat sink in a
double logarithmic plot for various promising heat sink materials. The active medium is Yb:YAG with a
doping concentration of 7 % and a thickness of daps = 140 um. The thermal and mechanical properties are
summarized in Table 4. The thermal heat rate density within the active medium was assumed to be

@ =50 W/mm3. Note that in the analytical model it is assumed that the thin disk is homogeneously
pumped (differently from the practical situation), to its periphery so that the pumped volume corresponds
to the volume of the active medium. The inprecision related with this assumption will be discussed later.

For small thicknesses of the heat sink, the refractive power of the assembly is dominated by the thermal
bending of the active medium. For large thicknesses of the heat sink, the focal strength of the assembly is
dominated by the thermal bending of the heat sink. For thicknesses in the transition range both the
Young’s moduli of active medium and heat sink are of relevance, together with the difference between
the thermal expansions of the active medium and the heat sink.
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Figure 37: Dioptric power of the thin disk as a function of the thickness of the heat sink for various heat-sink
materials. The continuous curves represent the results of the analytical model. The empty squares are the FEM
results assuming that the thin disk is pumped homogeneously over the complete transverse area as shown in
Figure 38 (a). The empty circles represent FEM evaluations where the diameter of the pumped area is by a factor
of two smaller than the diameter of the thin disk (see Figure 38 (b)). The crosses indicate the three generations of
thin disk designs (see text). We chose material properties summarized as in Table 5, day = 140 pm, and a thermal
load of 50 W/mm3,

As visible from Figure 37, with increasing thickness of the heat sink the focal strength of the assembly
decreases. This is because the increased heat-sink thickness reduces the bending of the active material
given the larger thermal conductivity of the heat-sink materials. However, in a real setup, an increased
heat-sink thickness causes a higher thermal resistance and thus an increased temperature of the active
material. Due to the extremely high thermal conductivity of diamond, the heat sink made from diamond
virtually shows no saturation effect. In principle, the thickness of the diamond substrate could be much
larger than the thickness of the other heat sinks, but in practice, its thickness is limited by price.

The green line represents the thermal lens obtained with a heat sink made of aluminium. Differently to
the other heat-sink materials presented, the thermal expansion of aluminium is significantly larger than
the one of the active medium. This difference leads to a bimetallic effect inverted compared to the bending
which would arise for the two materials considered separately. This is the origin of the minimum of the
green curve at a thickness of the heat sink of about 2 mm.
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Figure 38: Sketch of the assembly of the pumped thin-disk crystal on the heat sink. (a) Simplified thin-disk geometry
used to compute the empty squares of Figure 37 and 39. Here the thin disk is pumped homogeneously to its
periphery. (b) Realistic thin-disk design used to compute the empty circles of Figure 37 and 39. The pumped region
(red) diameter is by a factor of two smaller than the thin-disk diameter.

Table 5: Mechanical properties of the thin disk and possible heat-sink materials.

Thermal Young's Therm.al

expansion

Material conductivity modulus coefficient

(A) [WmKY (E) [GPa] (@) [10°K7]
Yb:YAG 7% 7 [101] 300 [151] ~ 8 [151]
CuW (20/80) 180 [152] 280 [152] 8.8 [152]
Diamond 1900 [153] 1100 [154] 0.9 [153]
SiC 305 [155] 700 [155] 4.5 [156]
AIN 200 [157] 350 [157] 4.63 [157]
BeO 265 [158] 345 [158] 8.0 [158]
Al 235 [159] 70 [159] 23.1 [160]
Cu 401 [161] 128 [161] 17 [160]

For comparison, in Figure 37 we highlighted the parameters of some historical and to-date typical thin-
disk designs (crosses). In the first generation of thin disk, the laser crystal was soldered with indium to a
copper heat sink with a thickness of dys = 1.5 mm (red cross). In the second generation, the crystal was
soldered to a thermal-expansion-matched heat sink made of copper tungstate (CuW 20/80) with a
thickness of dys=1 mm using a gold-tin solder (AuSn 80/20) (blue cross). Due to the lower thermal
conductivity of the copper-tungstate alloy, the thermal lens effect is slightly increased compared
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Figure 39: Thin-disk thermal lens for variations of the thickness of the active medium. The continuous curve
represents the solution of Eq. (38). The squares represent the focal strength from FEM evaluations based on the
simplified thin-disk design presented in Figure 38 (a). The circles represent the focal strength extracted from FEM
evaluations based on the realistic thin-disk design presented in Figure 38 (b). Assumptions: active material is
Yb:YAG with a doping concentration of 7%, the diamond heat sink with 1.5 mm thickness, and the heat load of
7 W/mm? is independent on active medium thickness. As a result, the volumetric thermal load varied from 15.9
to 175 W/mm3.

to the one resulting from using pure copper. However, the design having expansion-matched materials
diminishes the tensile stress resulting in higher power capabilities [162, 163]. Laser cystals glued to
diamond heat sinks are used in the third generation of thin-disk lasers (black cross). In this case, the
thermal lens is strongly reduced compared to other designs.

The position of the crosses along the various curves demonstrates that the choice of the heat-sink
thickness in the various historical generations of thin-disk lasers was optimal. In fact, the thin-disk designs
were chosen to have the minimal thickness that guarantees a small thermal-lens effect (just prior to
saturation) while minimizing the thermal resistivity of the heat sink to minimize the temperature of the
active material.

The empty squares represent the dioptric power computed using FEM methods assuming the material
properties, pumping conditions and thin-disk geometry as shown in Table 5 and in Figure 38 (a) (similar to
the assumptions used to derive equation Eq. (38)). In particular, as in the analytical model, also for this
FEM computation it was assumed that the thin disks are pumped homogeneously over the complete
transverse area. The focal strength of the thin disk based on the diamond heat sink was evaluated for 10
different thicknesses of the heat sink, from 10 um to 12 mm. In addition, we evaluated the thermal lens
for other heat-sink materials (CuW, Cu, SiC) for two thicknesses of the heat sink (0.75 mm and 1.5 m). The
agreement between the results from the analytical model (curves) and the results from the FEM
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simulations (empty squares) based on the same assumptions demonstrates the intrinsic correctness of the

analytical modelz.

The empty circles represent the focal strength obtained with FEM computations based on the realistic
thin-disk design presented in Figure 38 (b). In this case, the diameter of the heat sink is twice the diameter
of the pumped area. The focal strength of the diamond-based heat sink was computed for five different
thicknesses of the heat sink, from 375 um to 6 mm. In addition, we evaluated the thermal lens for thin
disks based on CuW, Cu and SiC for a thickness of 1.5 mm of the heat-sink material.

The focal strengths obtained from the FEM simulations computed for the realistic situations turn out to
be systematically shifted to lower values by a constant factor of about 1.5 relative to the results from the
analytical model. This factor decreases when the pumped-area diameter approaches the diameter of the
thin disk. In principle, a study of this systematic shift can be undertaken in order to be able, in a second
step, to correct the result of the analytical model. In such a way we estimate that using the analytical
model and a small correction to it, it is possible to estimate the thermal lens of the thin disk at accuracies
of about 10-20 %.

In Figure 39 the focal strength of the thermal lens is shown for variations of the active medium thickness.
The focal strengths have been computed with the analytical model (curve), with FEM simulations assuming
that the pumped area coincides with the total transverse area of the disk (empty squares), and with FEM
simulations assuming that the diameter of the pumped area of the thin disk (empty circles). Here
deviations of the FEM simulations from the analytical model are visible similar to Figure 37.

In conclusion, we have demonstrated that the one-dimensional model presented in this section represents
a fast method to evaluate thermally-induced lens effects arising from the bending of the thin disk, which
can reach an uncertainty of 10 - 20 %. Note also that this model could be extended to include additional
layers as coating, glue, etc.

2 The small deviations visible for heat sink thicknesses of 1.5 mm, 3 mm and 6 mm are mainly caused by the limited
size of the mesh used in the FEM simulation compared to the relevant geometrical sizes.
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5.Impact of apertures on laser
design

Aperture effects are usually neglected when designing laser resonators and multi-pass amplifiers. However,
it will become evident in the following chapters that aperture effects do play an important role. This
chapter starts by describing the transmission of a laser beam through an aperture. We show that aperture
effects guarantee laser operation in the TEM0O mode. At the same time, aperture effects cause beam
distortions that can be interpreted as scattering to beam components beyond the TEMOO mode. Various
types of aperture are compared.

The central part of this chapter explains how to implement Gaussian apertures into the ABCD-matrix
formalism. This allows fast (analytical) computations of the laser propagation in an optical segment and
the eigenmodes in a resonator comprising apertures. In summary, this chapter is divided into several
sections:

e Section 5.1: Motivation
The motivation of the importance of apertures is provided, together with some examples of their
influence on laser beam propagation.

e Section 5.2: Transmissivity of apertures
The effect of an aperture is to partially absorb and partially transmit an impinging laser beam. The
transmitted fraction can be expanded in various Gaussian-Laguerre transverse components. Here we
present a mathematical description of these two processes.

o Section 5.3: Diffraction at apertures
Here we quantify the fraction of the power transmitted via an aperture and diffracted into higher-
order beam components.

e Section 5.4: Gaussian, Super-Gaussian and flattop apertures
Gaussian, Super-Gaussian and hard apertures are compared. This comparison allows defining in an
approximate way the size of the Gaussian aperture to be used to describe a Super-Gaussian aperture.

e Section 5.5: ABCD-matrix formalism and Gaussian apertures
Gaussian apertures can be implemented in the ABCD-matrix formalism. A detailed derivation of this
implementation is given. Two new ABCD-matrices are needed: one describing the evolution of the
complex g-parameter of the Gaussian beam, the other one describing the excursion and tilt of the
Gaussian beam axis from the optical axis.

e Section 5.6: Losses at apertures
Simple formulas to compute transmission losses for the TEM00 mode through a Gaussian aperture are
given for two cases: the laser beam is aligned or misaligned with the aperture.

e Section 5.7: Multi-pass amplifiers with apertures
A mismatched (offset, tilt, beam size, divergence) laser beam injected into a periodic optical system
propagates with a non-zero excursion from the optical axis and shows an evolution of the beam width.
It is demonstrated how aperture effects damp these excursions and irregularities.
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o Section 5.8: Resonators with apertures
The evaluation of the resonator Gaussian eigenmode is derived for resonators containing apertures
through the “expanded” ABCD-matrix formalism. The impact of aperture effects on the stability
properties and losses is discussed.

5.1. Motivation

In Sec. 4.3 and Sec. 4.5 it has been shown that the profile of the optical phase delay OPD experienced by
a laser beam reflecting at the thin disk has a central region well described by a thermal lens, while at the
periphery of the pumped region it shows deviations from the parabolic shape. For a thin-disk laser, these
phase distortions may produce effective aperture losses significantly larger than the losses associated with
gain and absorption guiding [164, 162, 165]. In fact, for thin-disk lasers the gain (absorption) difference
between the central region and the periphery of the disk is smaller than 20%.

When the aperture and the Gaussian eigenmode have similar sizes, the apertures ensure laser operation
in this mode, as higher-order transversal modes experience significantly higher losses. By contrast, when
the pump spot is much larger than the TEM0OO mode, several transverse higher-order modes may oscillate
in the resonator.

It is tempting to increase the beam or mode size at the position of the active medium in order to diminish
the risk of optical damage and to make use of “all” the energy stored in the active medium. However, with
increasing beam diameter at constant pump size, the losses inflicted on the beam strongly increase due to
larger absorption and diffraction effects at the periphery of the pumped region. These effects thus reduce
the laser efficiency and the quality of the extracted and circulating beams.

Collins propagations [166] can be used to describe the evolution of a coherent laser beam and its
deformations caused by a position-dependent OPD. In this Chapter, however, we make use of the fact that
Gauss-Laguerre wave functions [167] constitute an infinite set (basis) of independent solutions of the wave
equation [168, 169]. We assume the Gauss-Laguerre modes to have a common wavelength and initially to
have a fixed phase relation given the coherence of the amplified beam. As a result, the beam profile is the
interference pattern of the various Gauss-Laguerre components of different amplitude and phase. Thus,
not only the size but also the shape of the deformed laser beam evolves along the propagation because of
the difference in phase delays (Gouy phase shifts [170, 171]) accumulated by the different Gauss-Laguerre
components while propagating along the z-direction as

z
Aa = (14 2p+n) - arctan (Z—) . (39)
R
where zg is the Rayleigh range, n and p the number of the azimuthal and radial nodal lines of the Gauss-
Laguerre beams.

For the multi-pass amplifier, which we developed in 2006-2008 to measure the proton radius, we have
chosen large beam widths at the position of the thin disk in order to avoid optical damage [117]. In fact,
at that time there was a shortage of thin disks with a high damage threshold. For this reason, we needed
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to develop a multi-pass amplifier able to deal with higher-order transverse beam components. The
Gaussian mode was no longer sufficient to describe the propagation. Thus, we developed a numerical code
based on Collins propagations able to deal with the phase distortions and with the position-dependent
gain and absorption profiles occurring at the active medium [117, 172].

Optimization of the amplifier layout and its in-coupling was challenging and time consuming in both the
simulations and the practical implementations given the measured gain and OPD profiles. In Figure 40 we
present the laser beam profiles at the position of the thin disk for the 12-pass amplifier developed for the
measurement of the proton radius, which were simulated using the Collins integrals. The layout of the
amplifier was adapted to the measured OPD and gain profiles to obtain the regular pattern. The beam
propagation was exhibiting an alternating succession of Gaussian-like profiles and quasi-donut-like profiles.
The quasi-donut-like profiles exhibit small radial “tails” and are free of hot spots, implying large gains and
an increased optical damage threshold. Special care was applied when selecting the thin disk and
optimizing the amplifier layout to avoid profiles having large peaks (“hot spots”) in the beam center
(around x = 0) which would reduce the optical damage threshold.

Good agreement was observed between simulated and measured profiles as visible by comparing Figure
40 with Figure 41. However, due to the uncertainties of the measured position-dependent gain and OPD
profiles, as well as the parameters of the in-coupled beams, a time-consuming optimization of the multi-
pass amplifier layout was necessary to reach stable beam propagation with optimal profiles and gains in
all passes. Due to this lengthy and complex optimization, in the multi-pass amplifier described in Chapter 7
we opted for smaller laser beams.

Intensity [a.u.]

X [mm]

Figure 40: Simulated beam profiles at the various passages at the thin disk in the 12-pass amplifier realized for the
measurement of the proton radius. The simulations are based on Collins propagations, which require the
knowledge of the OPD and gain profiles at the thin disk. The laser beam alternates between Gaussian-like profiles
for even passes, and quasi-donut-like profiles for odd passes. At the same time, amplification occurs as indicated
by the increasing amplitude with increasing pass number. This propagation is obtained for laser beam widths
exceeding the rule of thumb condition of Eq. (40). The figure is reproduced from [117].
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Figure 41: Beam profiles (continuous) measured at various passes in the multi-pass amplifier realized for the
measurement of the proton radius. The laser beam alternates between Gaussian-like and a quasi-donut-like
profiles. The pump profile (dashed) is also shown for reference. This figure is reproduced from [117].

It would be beyond the scope of this chapter to describe in detail the working principle of the multi-pass
amplifier and the propagation of the corresponding higher-order transverse beam components. The
interested reader is referred to [117, 166, 173]. What we would like to emphasize here, is that for large
laser beams and OPDs of the thin disks with large higher-order ho(x, y) distortions, a vast variety of
transverse beam profiles can be obtained. Some examples of measured 2D and 1D profiles are given in
Figure 42 and Figure 43, respectively. These laser profiles have been measured at the odd passes of a
multi-pass amplifier based on a concatenation of identical segments [54, 117] for various thin disks (OPD
profiles) and various segment layouts. They result from complex interference patterns between the
various transverse components that have been excited at the thin disk. A similar behavior was observed
in unstable resonators [173, 174, 175, 176]. At each successive pass through the thin disk, the various
transverse components are partially mixed (scattering process), partially suppressed (absorption) and new

ones generated (diffraction).

Figure 42: Beam profiles measured at the odd passes in a multi-pass amplifier formed by a concatenation of nearly
identical stable segments [117]. Each picture has been taken for different thin disks or segment layouts. A
considerable excitation of high-order transverse beam components is observed when the laser beam widths w is
exceeding the rule of thumb condition of Eq. (40) and the thin disks soldered onto metallic heat sinks were used.
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Figure 43: Similar to Figure 42 but only in one dimension. The segment layout and thin disk giving rise to the first
profile were used for the measurement of the proton radius. Profiles as in the last panel are disadvantageous as
they bring about a decreased optical damage threshold due to the presence of hot-spots at the center. This figure
has been reproduced from [117].

In the thin-disk laser community, typically the Gaussian mode to be amplified is chosen to fulfill the
condition

w = 035D,, (40)

where w is the Gaussian beam width at the position of the thin disk, and D, the diameter of the Super-
Gauss profile of the pumped region at FWHM. This rule of thumb results from a trade-off between optical
damage, gain, scattering into and absorption of higher-order transverse beam components.

As mentioned before, smaller laser beam widths increase the risk of optical damage and reduce the
efficiency of the laser because of the smaller overlap with the pumped region. A resonator design having
a TEMO0O mode width much smaller than in Eq. (40) results in multi-mode (transversal) operation affecting
laser quality and stability. On the other hand, laser beams with large widths at the aperture suffer from
increased absorption and increased scattering into higher-order transverse beam components that have
larger propagation losses.

Typically, the propagation of a Gaussian beam in an optical system is described using the ABCD-matrix
formalism. This formalism also provides a simple analytical method to compute the TEMOO eigenmode of
the resonator [177, 178, 179]. However, in standard optical simulations based on the ABCD-matrix
formalism aperture effects are neglected.

In fact, aperture effects considerably complicate the laser beam propagation because of the excitation of
higher-order transverse beam components, and the reduction of the width of the TEM0O mode at the
aperture. Yet as will be detailed later, Gaussian apertures can be easily implemented in the ABCD-matrix
formalism as lenses with imaginary values [180, 181, 182, 170]. Thus, it is possible to analytically describe
the beam propagation in an optical system containing apertures. The effect of an aperture on a laser beam
will be the subject of Sec. 5.2 and Sec. 5.3 while the implementation of aperture effects in the ABCD-matrix
formalism is covered in Sec. 5.4.

Aperture effects in several applications modify only slightly the predictions computed using standard
ABCD-matrix formalism. However, there are situations where aperture effects lead to fundamental
differences. One of such examples is presented in Chapter 8.
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5.2. Transmissivity of apertures

When the size of the pump spot is large compared to the width of the TEM0O0 mode, the laser operates in
several transverse modes. By reducing the size of the pump spot, operation in the fundamental transversal
mode is enforced as higher-order modes experience less gain. In this section, we describe this selection
process. To do so, the finite-size pump spot is represented as a superposition of an infinite pump spot
(providing a homogeneous gain) and an aperture with finite size. Therefore, in this section we investigate
the transmission of a laser beam through an aperture with rotational symmetry.

Let us assume a laser beam propagating in positive z-direction and impinging on an aperture which can be
positioned at z = 0 without loss of generality. We only consider rotational symmetric apertures and beams.

Due to the symmetry of the problem the amplitude E of the electric field of the freely propagating laser
beam can be expanded in terms of Gauss-Laguerre laser functions [167]

- N 4 ‘u
Ep,m(r' (P) = €pol 6_0 V2 P lp1r),m(7': (P) , (41)
0

where P is the laser power, 5poz is the polarization vector, uo the vacuum permeability and &o the vacuum
permittivity. W, m(r, ) are the normalized Gauss-Laguerre wave functions defined as [150]

21 _r° r?
S w2 =0
aw’ " p’0< W2> m
lPp,m(r, Q) = m , (42)
p! 2 (rV2\ L ) r2\ (m ) 0
— W —
T-m+p)lw\w ¢ pm | 43z | ST @) m

where r represents the radial distance from the optical axis, ¢ the azimuthal angle, w the beam width at
the aperture position, L, the Laguerre polynomials specified by the two integer numbers m and p. ¥,
represents the wave amplitude fulfilling the Helmholtz electromagnetic wave equation. The phase factors
are neglected here since we simply consider only the wave at a fixed position in z (at the aperture position).

The wave functions of Eq. (42) form a complete basis and are normalized so that

o

f 2n Wl rdr=1. (43)
0

As a result, the intensity is proportional to W2, »(r) and the laser power is

o0 —,2
P=Iy2n [2|E] rar. (44)
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Figure 44: Gauss-Laguerre laser beam wave functions l;U]!,,m(r) for m =0 as a function of the distance r from the
symmetry axis expressed in units of width w of the laser beam.

The radial distribution of some Gauss-Laguerre laser beam modes for W, (m =0) is plotted in Figure 44.
The most important mode is the fundamental (TEM0O) mode given by [183]

21 _r°
Woolr, @) = P e w2, (45)

Both the input and the transmitted wave can be described using the basis given in Eq. (42). The transmitted
beam has a reduced intensity and a radial distribution different from the ingoing beam due to the
reduction of the width and the diffraction at the aperture. As a result, the outgoing wave (the wave leaving
the aperture) is not simply given by the incoming wave attenuated by a factor.

To compute the Gauss-Laguerre expansion of the transmitted mode we first have to know the transmission
of an aperture. For example a classical hard aperture blocking the laser beam for r > Ry and having 100 %
transmission for r < Rpis defined as

1 R
6@ ={y 1S (46)

In this chapter, we define ¢(r) to be the transmission for the amplitude of the optical wave.

The scattering amplitude Apmgqn from one input beam component ¥,, to another outgoing beam
component ¥, , can be simply computed as

Ap,m,q,n = (qu,mlfplqjq,n) (47)
21 «
Apman = f sin ¢ d(pf ¢, @) Ypmw,r,0) Yo ,(w,r,0) dr. (48)
0
0

In Egs. (46) and (48) we assumed that the aperture does not modify the wave-front curvature or the phase
delay of the laser beam. Equation (48) can also be used to determine the transmissivity of a resonator
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eigenmode through the aperture. In this case only the coupling term of the laser mode with itself is of
interesti.e.forp=gand m=n?3.

Due to the assumed rotational symmetry typically only laser beam components with m =0 need to be
considered. Thus, we define the scattering amplitude A, 4 as

Ap,q = (lpp,0|¢|lpq,0>- (49)

The fraction of the power that is transmitted (diffracted) from an incoming beam component ¥, into a
transmitted beam component W, is thus simply

o) 2
Ipq = |Ap.q|2 = (L 2rr §(r) Wy o(w, 1) Wy 0w, 1) dr) . (50)

Given an incoming laser mode or beam component W, its total transmissivity T, through the aperture is
expressed by

(0]

T, = 271[ r¢*(r) Wi, o(w,r) dr. (51)
0

The transmissivity T, accounts for all possible beam components (Gauss-Laguerre wave functions W) of
the transmitted beam, so that it can be written as

Tq = Z Leq - (52)
K

A plot of the transmissivity T, for input modes Wy at the hard aperture described by Eq. (52) is shown in
Figure 45. As expected, for vanishing aperture radius R, the transmissivity vanishes; for an increasing Ro
the transmissivity becomes larger and asymptotically approaches 100%.

Even more relevant for the suppression of laser operation in higher-order modes is the fraction of the laser
power transmitted through the aperture that remains in the same mode, i.e. W, o(r,w) > W, o(r,w):

Ly p = |Ap.p|2 . (53)

Figure 46 shows the transmissivity loo, 11,1, 12,2, I3,3,.... from Gauss-Laguerre wave functions ¥, before the
aperture into the same Gauss-Laguerre wave functions W, after the aperture. Thus, in a laser cavity the
quantity 1-1,, represents the aperture losses of the W, resonator eigenmode. In fact, the coupling to
different beam components W, o(r,w) - W, o(r,w) with p # q adds to the absorptive losses caused by the
aperture. In a resonator the transmissivity I, is the relevant quantity needed to determine the roundtrip
losses of the cavity eigenmode.

3 Here we have assumed that the eigenmodes of the resonator are approximatively given by the Gauss-Laguerre
wave functions W, as in this section (and generally in this thesis) we consider only apertures causing small
distortions. This is related to the low thin-disk gain, which would not sustain laser operation when large aperture
losses (large distortions) are involved. Furthermore, we do not consider phase masks as presented, for example, in
reference [287], used to generate a fundamental mode having a super-Gaussian profile.
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Figure 45: Total transmissivity T, given by Eq. (52) for various Gauss-Laguerre wave functions g, as a function of
the aperture radius Ryp normalized to the input beam width w. T, represents the fraction of the total transmitted
power for each wave function ¥, o, regardless of the deformation of the transmitted laser mode.
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Figure 46: Transmissivity Ig,q for the modes Wy o(r, w) - W, o(r, w) via the flattop aperture given in Eq. (45) as a
function of the radius of the aperture Ro.
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5.3. Diffraction at apertures

In the previous section, we quantified the aperture losses assuming that the resonator eigenmodes were
given by Gauss-Laguerre wave functions W, . Yet, the transmitted laser mode, being deformed, has to be
expressed as a sum of Gauss-Laguerre wave functions to account for the diffraction from
Wpo(r,w) = W, o(r,w) with p # g. In this section, we evaluate the fraction of power that is refracted into
higher-order beam components when a Gaussian beam (Wy,0) impinges on the aperture. This information
is then used to extract the pump spot diameter that provides sufficient mode selectivity while minimizing
beam distortions.

The fraction of the beam power, which is diffracted by the aperture from the Gaussian mode into higher-
order beam components, is defined by the difference of the total transmission and the transmission of the
Gaussian mode component into itself:

To — ool = Z|Ak,0|2_ (54)

k+0

This fraction is implicitly normalized to the input power. Similarly, it is interesting to consider the fraction
of high-order beam components that have been excited by the aperture relative to the total power
transmitted through the aperture

_To— Aol _ [ 2 ¢2() Wao(r) dr — (f 27r (1) WG, () dr)’

S = (55)
T, [ 2mr ¢2(r) W§,o(r) dr

In Egs. (50) and (55) we assumed that the same Gauss-Laguerre wave functions are used to express the
input and the output beams. Thus, we implicitly assumed that the beam width at the input (wi,) equals the
beam width at the output (wWou:). As, the size of the beam is reduced by passing an aperture, it is more
suitable to express the transmitted wave as a sum of Gauss-Laguerre wave functions having a width wy:
smaller than the input width wi,. The width of the transmitted beam for the Gaussian mode component is
simply given by the expression

f:iorquz Wy o dr
w, t = .
. foio r? lIJ0,02 dr

r=

(56)

When using w,.: from Eq. (56) as the width parameter to describe the outgoing beam in terms of Gauss-
Laguerre wave functions, we find that the power fraction of the higher-order components of the
transmitted beam relative to the transmitted total power is

_ J2mr - @2 (r) W5 o (r,wiy) dr — U 2ier (1) Wo 0 (r, win) Wo,0(r, wour) dT)2

[ 2mr ¢2(r) WG o (r, wyy) dr 57)

SI

The fractions of the transmitted power which have been excited into higher-order components given by
the quantity S and S’ are shown in Figure 47 together with the total transmitted intensity T,. The total
transmission increases with increasing aperture diameter Ry. At the same time the excitation of higher-
order components S and S’ decreases. Note that S’ is considerably smaller than S because a Gaussian wave
function with wo,: better fits the transmitted beam.
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The scattering losses can be reduced significantly by using soft apertures instead of the hard flattop
aperture of Eq. (46). In Sec. 5.4, it is shown that for Gaussian apertures the fraction of higher-order

components generated by the aperture is exactly zero if the reduction of the beam width caused by the
aperture is considered.
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Figure 47: Fractions of transmitted power (S and §’) that is scattered into higher-order components versus the
aperture radius R, for the flattop aperture of Eq. (46). In comparison, the total power transmission Ty is shown.

5.4. Gaussian, Super-Gaussian and flattop apertures

In Figure 48 the quantities Ty, /5,4, S and S” are compared for three aperture types: flattop, Super-Gaussian,
and Gaussian. These apertures are distinguished by the sharpness of their transmission curves. The flattop
profile is identical to the classical hard aperture considered in the previous sections

1 r<Rg

0 >Ry’ (58)

o) ={

A soft aperture having a homogeneous transmission at the center and a smooth fall-off can better describe
the gain profile of the active medium and the losses caused by higher-order distortions of the OPD of the
thin disk. Super-Gaussian apertures [184], as

() = e‘%(RLo)e (59)

have a transmission close to 1 over a large range at the center, and a smooth fall-off at r = Rg. Gaussian
apertures given by
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o) = e_(%)z (60)

can easily be treated analytically and integrated into the ABCD-matrix formalism. For clarity, we remind
here that the aperture functions ¢(r) are acting on the input wave ¥ so that the transmitted power
normalized to the input power is

T = f(l)z(r) Y2(r) 2nrdr. (61)

As mentioned before, apertures could be used to enforce laser operation in the TEMOO mode. For example,
consider the transmission curves T, for a flattop aperture as shown in Figure 48 bl). The power
transmission through an aperture with radius Ry = 1.4 w for the fundamental mode ¥y, is 98%, while for
the ¥; 0 mode it is only 68%. For higher-order modes, the transmission decreases further. Therefore, the
use of a flattop aperture with radius Rp = 1.4 w leads to a good selectivity between the fundamental and
higher-order modes.

For a Super-Gaussian aperture, the selectivity between modes according to the total power transmission
is still high as shown in Figure 48 b2), but the TEMO0O0 mode suffers from a slightly smaller transmission at
the reference value Ro= 1.4 w relative to the transmission for a flattop aperture. Gaussian apertures
further decrease the power transmission and the selectivity (relative transmission of the various modes)
as shown in Figure 48 b3). These three plots (b1, b2 and b3) demonstrate that independently of the choice
of the aperture type, higher-order modes (and equally beam components) suffer from larger transmission
losses and that the selectivity improves for apertures with a sharper fall-off.

The quantity Ioq = [Agq/? shown in Figure 48 c1), c2) and c3) represents the intensity transmission for the
W,0—~> Wy diffraction process, where the final and initial modes are identical. This quantity is more
relevant than the total transmitted power that accounts for all possible final beam components. /54 can be
used to compute the losses of the mode W, circulating in the optical system. Usually the fundamental
mode Wy, is of relevance. As can be seen from the plots, /4 shows an even better mode selectivity
compared with the total power transmission Tj,.

As already mentioned previously, the beam width is changed when passing through the aperture so that
the beam parameter w at the output of the aperture wy,: differs from the parameter w at its input wi,.
Hence the transmitted wave should be expanded in terms of Gauss-Laguerre components with w = wyy.
The quantity /44 = [A'qq/? describing the power transmission for the process Wgoff, Win) > Wpo(r, Wout)
would be the most appropriate quantity to compute the losses for the mode circulating in the system. The
relevant case for applications is represented by the Wy o(wis) = Woo(Wout) scattering.

The scattering processes Wy o(Win) > Woo(Win) and Woo(Win) = Woo(Wour) can be quantified from the
parameters Sand S’ given in Figure 48 d1), d2) and d3). S and S’ can be used to compute the power fraction
of intensity which is scattered away from the TEM0O mode propagating in the optical system. It represents
the diffraction losses normalized to the transmitted power for an input beam in the TEM0OO mode. By
comparing Figure 48 d1), d2) and d3) it is evident that the scattering losses in higher-order components
decrease with smoother fall-off of the aperture transmission curve, reducing the selectivity for the TEM0O
mode. The extreme case is given by the Gaussian aperture where S’ =0. This means that a Gaussian
aperture does not scatter the input TEM0OO mode into higher-order components provided that the basis
functions used to describe the transmitted wave account for the decrease in beam width according to
Eg. (56). Thus the transmitted wave Y°“ for an input mode Yy o(win) reads
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pout = To Wo,0 Wout )-

(62)

As we will see later (see Eq. (109) ) the transmitted power T, for Gaussian apertures takes a very simple

form which only depends on wij, and the size W of the Gaussian aperture.
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Figure 48: Aperture effects for three types of aperture: flattop (left column), Super-Gaussian (middle column) and
Gaussian (right column). The a) row shows the transmission curves ¢(r) via the apertures and the b) row the total
transmittivity T, for a given input mode Wqo. The c) row shows the transmittivity /g4 = [Aqq/? for the processes
W0~ Wy and (d) indicates the fraction S and S’ of the transmitted power which is scattered into higher-order
components for an input wave in the Gaussian mode Wg.
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Figure 49: The aperture width W of a Gaussian aperture having the same transmission as a hard aperture for a
radius of Ry is given in red. The width W of a Gaussian aperture having the same transmission as a super-Gaussian
aperture Ry is given in blue. According to a rule of thumb, for optimal performance the pump radius Ry has to be
1.4 times larger than the beam width w the value marked in the black line. The Gaussian aperture to be used to
simulate the aperture effect in the thin disk is in this case W = 4.2 w, or equivalent to W = 3 Ry.

5.4.1_Equivalent Gaussian aperture

As will be detailed in Sec. 5.4, Gaussian apertures can be implemented in the ABCD-matrix formalism.
Conversely, the aperture effects at the thin disk have a Super-Gaussian profile, as a consequence of the
gain profile and the OPD profile that shows deviations from a spherical thermal lens at the periphery of
the pump profile. Yet, super-Gaussian apertures cannot be implemented directly in the ABCD-matrix
formalism. Therefore, we need to define equivalent Gaussian apertures to account for the effects of the
Super-Gaussian apertures. In other words, we need to find a relation between the Rp given in Eq. (59) and
W given in Eq. (60). Applying this relation, we can deduce the size W and use it to simulate the aperture
at the thin disk. Ry is known as it corresponds to the radius of the pump profile at FWHM.

The aim of this subsection is to define an equivalent Gaussian aperture having similar power transmission
Ioo and similar output beam width (wo.¢) to what is obtained with a Super-Gaussian aperture. By comparing
the power transmission lpp of a TEMOO mode via a Gaussian aperture and a Super-Gaussian aperture

IS8USS (W, w) = I3 5P 4 (Ry, w), (63)

we obtain a relation between the size of the Gaussian aperture W and the radius R, of the Super-Gaussian
aperture. This relation is plotted in Figure 49.

As mentioned before, the rule of thumb applied in the thin-disk laser community is to have the following
relation between the laser mode width w at the thin disk and the radius Ry of the pump profile (Super-
Gaussian aperture)
R
2 ~14 & w~035Dp, (64)
w
where we have used the fact that the pump diameter is Dr = 2 Ry. As can be extracted graphically from
Figure 49, the size W of the Gaussian aperture has to fulfill the relation
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— =~ 42 (65)

to have the same losses. Therefore, when equating the transmission /o0, we find that the equivalent
Gaussian aperture size W' is

W ~ 3.0 R,. (66)

For comparison, Figure 49 also shows the equivalent Gaussian aperture W having the same transmission
lo,0 as a flattop aperture of radius Ro. In this case, the equivalent Gaussian aperture size is W = 3.6 R,. This
serves to give a feeling for the sensitivity of the results to variations of the sharpness of the aperture fall-
off.

In a similar way, by equating the width wo,: for a Gaussian aperture and a Super-Gaussian aperture

SuperGauss
Wg,g%;st (W' Win) = WO,OIj)ut (RO' Win): (67)

we obtain a relation between the size of the Gaussian aperture W and the radius Ry of the Super-Gaussian
aperture. This relation is plotted in Figure 50. As can be extracted graphically from this figure, the
equivalent Gaussian size W for a Super-Gaussian aperture of radius Rp= 1.4 w is
w
— ~3.0. (68)
w
Therefore, when equating the transmitted width w,,: we find that the equivalent Gaussian aperture size
Wis

W ~21R,. (69)

By comparing Eq. (69) with Eq. (66) it is found that both conditions, similar transmitted in power /oo and
similar output width wey, can be fulfilled approximately by choosing
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Figure 50: The aperture width W of a Gaussian aperture having the same reduction of the beam width as a hard
aperture for a radius of Rq is shown in red. The aperture width W of a Gaussian having the same reduction of the
beam width as a super-Gaussian aperture Rois given in blue. According to a rule of thumb, for optimal performance
the pump radius Ro has to be 1.4 times larger than the beam width w. The Gaussian aperture to be used to simulate
the aperture effect in the thin disk is in this case W = 3.9 w, or equivalently, W = 2.1 Ro.
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W = 26R,. (70)
Thus, throughout this thesis, we assumed apertures fulfilling the condition
W =~ 4 Win (71)

for the simulations of the aperture effect. Note that this relation holds when the pump radius Ry and the
laser mode width w at the aperture fulfill the condition Rg = 1.4 w, which is a rule of thumb derived from
the practical application where the optical-to-optical efficiency of the laser was optimized. It represents a
trade-off between aperture losses and overlap with the pumped region.

5.5. ABCD-Matrix formalism and Gaussian apertures

In this section we describe a method of implementing Gaussian apertures in the ABCD-matrix formalism.
Two types of ABCD-matrix are needed to describe the aperture effects on a Gaussian beam: one ABCD-
matrix has to be used when computing the complex g-parameter of the Gaussian beam and another one
to compute the evolution of the Gaussian beam excursion and tilt from the optical axis.

5.5.1.ABCD-matrix for geometrical rays

We start with a brief review of the ABCD-matrix formalism [185]. Originally, this formalism was developed
for calculating the propagation of a geometric ray that is defined by a transverse excursion x and a tilt of
0 from the optical axis (z-axis):

Ray = [;‘] . (72)

The position x” and the tilt 8" of the ray after propagation in an optical element (lens, mirror, free

propagation etc.) are given by
x'1 _[A B|[x
o l=lc olls]- (73

X !
where [9 ] represents the ray at the input transverse plane, [g, ] the ray at the output plane of the optical

element, and the ABCD-matrix is a 2x2 matrix specific of the optical element. The basic optical elements
[185] are free propagations described by

1 L
MfTee = [0 1 ) (74)

where L represents the propagation distance along the z-axis, lenses described by

1 0
Miens = [_1 1] ’ (75)
f
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where f represents the focal length of the lens, flat mirrors described by

1 0
Mflat mirror — 0 1] (76)
and curved mirrors described by
1 0
Mcyrved mirror = | _ i 1] ’ (77)
Rm

where Ry, is the radius of curvature.

The output ray transverse excursion and tilt after transmission through a succession of N optical elements

is thus represented by
x'1_ [An BN] [Az Bz] Aq B1] x
[g]‘[c,v Dyl ¢, D,llc, D, 6] (78)

5.5.2. ABCD-matrix formalism for Gaussian beams

The same ABCD-matrices can be used to describe the evolution of a Gaussian beam [185] (fundamental
mode or a higher-order mode) through an optical system. TEMOO beams are represented by the complex
beam parameter g given by

1 1 2
¢" R ‘mw (79)

where 4 is the wavelength, w the beam width and R the wave-front curvature. The parameters g = q(z),
R =R(z) and w = w(z) are dependent on the z-position. Equation (79) can be written equivalently as

q=(z—2zy) +izg, (80)

where zo represents the focus position and zz the Rayleigh length of the beam. The distance from the focus
is thus given by the real part of g,

(z —2z0) = Re(q), (81)

while the square root of the complex part represents the beam waist at the focus position

wo = /’”%(q) (82)

The beam width at any position z is obtained from
A
mIm (i>
q(2)

The complex beam parameter g can be propagated along an optical element using the same ABCD-
matrices is applied to propagate the geometrical rays using following expression [185]

w(z) = (83)
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[1=x[c oIl (84

where g’ is the complex beam parameter after propagation in the optical system, g the beam parameter
at the input of the optical system and k a normalization factor. This system of two equations can be solved.
From the second equation, the normalization k can be deduced. From the first equation and the
normalization we obtain

!

Aq+B (85)
q =

" Cq+D’

Equation (85) can be applied to any ABCD-matrix, even to matrices with imaginary components and to
matrices that are the result of a multiplication of matrices

[A B]:[AN BN] [Az Bz] Aq 31] (86)
¢ pl=ley Dyl ¢, Dllc, D

describing the propagation in a succession of N optical elements.

5.5.3.Transmission of the TEM00 mode through a Gaussian aperture

Consider a Gaussian beam which propagates in z-direction having an offset (excursion) x, in x-direction
relative to the optical axis (z-axis). The transverse part of its amplitude is

21_w

Woo (x,y) = =W e w (87)

where x, y are the transverse coordinates and w is the beam width. The mode is normalized so that
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Figure 51: Amplitude of the transmitted beam Wout; o(x) (black) shown for two cases. (a) The impinging beam given
in blue Wiy o(x) is aligned (on-axis) with the Gaussian aperture given in red. (b) Similar to a) but here the impinging
beam is 1 mm off-axis.
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I szo,o (x,y)dxdy =1. (88)

This laser mode impinges on a Gaussian aperture centered to the optical axis whose amplitude
transmission curve is

x%+y?

plx,y)=e W (89)
The amplitude of the outgoing (transmitted) beam W°“t is related to the input beam W™ as
§ WO (x,y) = p(x,y) ¥ (x,y) (90)

where £ is a normalization constant. It can be shown that a Gaussian aperture transforms a Gaussian beam
into another Gaussian beam with different width and beam excursion. Therefore, no higher-order-mode
components are generated, provided that the transmitted Gaussian beam is expressed using wou: from
Eq. (56) (see also S’ in Figure 48 d3). The width and excursion of the output beam can thus be obtained
starting from the assumption that

§ WO =& Wy o(x, 7, Wour) = 9(x,¥) - Wo 0 (x, 7, Win). 1)

This equation can be written using the explicit expression for the input and output Gaussian beams as

2 1 _Otxoun)®+y? 2 1 _OHtxm)?+y? x24y2
& pout —¢ |2 e Wour? = = —¢ Win? e Ww?Z | (92)
T Wout T Win

where wi, and wy: are the widths of the input and output beams, and x,.t, xin are the offsets (excursions)
of the input and output beams, respectively. A comparison between the left side and the right side of this
equation can be used to find the width of the output beam

1 1 1
2= 2 Tz’ (93)
Wout Win W

the offset of the transmitted beam

WZ
xout = xin Winz + Wz ) (94)
and the normalization factor
X; 2
E — e_win’ér-tl-wz . (95)

Two examples of transmitted amplitudes are given in Figure 51 for the case that the impinging laser beam
is centered with the aperture axis (xi» = 0), and for the case that the laser beam axis has an excursion (xi, # 0)
relative to the symmetry axis of the aperture.

As visible from Figure 51 (b) and from the Egs. (92) to (95) the transmitted beam still has a pure Gaussian
shape also for the case that the incident laser beam has an excursion relative to the axis of the aperture.
The width of the transmitted laser beam w,,: does not depend on the beam excursion so that the g-
parameter of the Gaussian beam can be propagated neglecting misalignments. By crossing the aperture,
however, the offset of the beam is reduced according to Eq. (94). In summary, the transmitted (amplitude)
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is a Gaussian mode with a width given by Eq. (93), an offset from the optical axis as expressed by Eq. (94),

2
Xin

. . 2 1 T Wi 24W2
and an amplitude at a maximum of |= — e Win®*W"
T Win

5.5.4.Gaussian apertures in the ABCD-matrix formalism

With the knowledge won in Sec 5.4.3 the implementation of Gaussian apertures in the ABCD-matrix
formalism for Gaussian beams is surprisingly simple [170]. First, we rewrite Eq. (79)

1 T (1 1) (96)

—=i-(-—=].
w? A\g R

For an aperture, the incoming and outgoing beams have different widths wou: # win, but the phase front

curvature R remains unchanged Rin = Rout = R. Combining Eq. (96) with Eq. (93) assuming Rin = Rout = R, we

find

,n( 1 1) ,n(l 1)+ 1 (97)
i— ——)=iz|——=)+—,
A Qout R A qin R W2

where gin and gour are the complex beam parameters before and after the aperture, respectively. This
equation can be expressed as

rt_1_ ;.4 (98)
Qout qin W2
1 (99)
Gou =T 7
Qin LWz
Qout = —Qin T (100)
1= qun-ixyz

By comparing this equation, with Eq. (84), the four components of the ABCD-matrix describing the
and D =1. Thus, the ABCD-matrix for a Gaussian

aperture can be deduced: A=1, B=0, C= —i

T-W?2

aperture of width W takes the form

1 0
Maperture = [—i A 1] . (101)
TW?2

This matrix corresponds to a matrix for a thin lens, but with an imaginary focal length.

The ABCD-matrix of the thin disk that exhibits both a lens effect (with a focal strength f) and an aperture
effect (with size W) can be obtained by multiplying the ABCD-matrix for a thin lens given in Eq. (75) by the
ABCD-matrix for an aperture shown in Eq. (101) to yield

———i

1 0
Mdisk = [ 1 . A 1] . (102)
f Tw?2
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Figure 52: Change of the beam offset and beam tilt when passing through an aperture whose transmission is
indicated in blue. The Gaussian input beam travels parallel to the optical axis (6j, = 0) with an excursion of x;, # 0.
The darker and lighter shaded red areas indicate the + w and the # 2w range of the beam, respectively. After
transmission through the aperture, the offset is reduced to x,,: and the beam acquires a tilt 8,4+ # 0 because the
aperture selects only part of the beam. The aperture does not affect the focus of the beam that remains at the
same position as the phase-front curvature. Geometrical considerations can be used to deduce that
0B =Byt - Bin = (Xout - Xin)/R'

5.5.5.Tilts and excursion from the optical axis

As detailed in Sec. 5.4.1 the evolution of a geometrical ray from the input face to the output face of an
optical element or system is given by

x' A Bj[x

=lc olle] (103
The axis of a Gaussian beam described by an offset (excursion) and a tilt relative to the optical axis follows
the same evolution as a geometrical ray for all standard optical elements as free propagation, lenses,
mirrors etc. except for apertures. In this section, we aim to derive the ABCD-matrix describing the change
of the offset and tilt for a Gaussian beam at an aperture. In fact, for the propagation of the geometrical
rays the complex ABCD-matrix of Eq. (101) cannot be used. A new ABCD-matrix has to be derived for this
purpose. Such a matrix can then be used to evaluate for example the sensitivity to misalignment of an
optical system comprising apertures.

To do so we can make use of some special properties of Gaussian apertures applied to Gaussian beams.
We have seen previously that the width of the transmitted Gaussian mode is unaffected by the beam
excursion. This means that the width evolution of the beam (eigenmode) along the optical system can be
evaluated neglecting the offset (excursion) of the beam from the optical axis.

On the other hand, the Gaussian aperture not only causes a reduction of the beam excursion according to
Eqg. (94), but also a change of the tilt angle of the Gaussian beam as



Chapter 5: Impact of apertures on laser design

2
Win 1

_tin 104
Win2 + W2 R ( )

0 out = Oin — Xin

This equation can be derived by considering the geometry presented in Figure 52. The ABCD-matrix of a
Gaussian aperture for the axis of a Gaussian beam can be obtained combining Egs. (94) and (104)

W2
geometrical wip? + W? 0
M = , 105
aperture ~ w2 l (105)
Winz + WZ R

where W is the aperture size (see Eq. 60), wi, the beam width at the input face of the aperture, R the wave-
front curvature of the beam at the aperture.

Note that this ABCD-matrix depends on parameters wi, and R of the impinging Gaussian beam. Thus, it can
only be calculated after the evolution of the Gaussian mode along the optical system has been computed
with the ABCD-matrix formalism neglecting misalignment of the beam from the optical axis. Unlike
standard propagation matrices, the determinant of this matrix is smaller than one, because of the
reduction of the offset that occurs in the aperture. The ABCD-matrix obtained can be used to evaluate
misalignments (excursions and tilts) for a Gaussian beam propagating in an optical system similar to classic
ray propagation.

5.6. Losses at apertures

The intensity transmitted through a Gaussian aperture of size W for an impinging ¥, beam as given in
Eq. (86) with width wi, and excursion x;, can be computed analytically using the transmittivity

2 62 _z(x_xout)i"'yz
dx dy —— Wou
T i Ty L (106)
tot Pin B —2—()C_xi7")2+y2 B Win B Win2 + Wz ’

ff dx dy#inze Win®
where P,,: and P;, are the transmitted and the input powers of the beam, respectively. For a Gaussian
beam aligned with the aperture (xi, = 0) £ = 1, while £ < 1 when the aperture axis and the laser beam are
misaligned. Thus, the losses at the aperture can be factorized as a product of two terms: one alignment-
independent Ty, one alignment-dependent Tyjignment, SO that

Teor = Tw Talignment ’ (107)

where

2
Xin

_2—
Tatignment = §2=e Win®+W? (108)

and
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WZ

=—— 109
Winz + W2 ( )

Ty
The total transmission in an optical system Tos through the various apertures is the product of the various
transmissions Tyt at the various apertures:

Tos = H(Ttot)k : (110)
k

Therefore, the total transmission in an optical system can be factorized in an alignment-independent (Tw)os
and an alignment-dependent (Tajignment)os part:

Tos = (Tw)os - (Talignment Jos = n(TW)k ) H(Talignment)k . (111)
k k

When a Gaussian laser beam is misaligned (xi, # 0) relative to the axis of the aperture, the losses at the
aperture are increased. Yet, the output-beam width w,,: does not depend on the misalignment, i.e., wou:
does not depend on xi, as visible in Eq. (93). This fact allows us to first evaluate the evolution of the beam
width w(z) along the optical system independently of the misalignment effects. To compute it for an optical
system comprising apertures, the complex ABCD-matrix given by Eq. (101) has to be used.

In a second step, misalignment effects can be treated. The misalignment evolution of the axis of a Gaussian
beam described with an excursion x(z) and tilt 8(z) from the optical axis can be computed using standard
ABCD-matrix formalism complemented by the ABCD-matrix for apertures given in Eq. (105). Note that for
apertures, contrarily to all standard elements, the ABCD-matrix for computing the width evolution differs
from the ABCD-matrix for computing the misalignment evolution.

In a third step, the losses caused by the apertures can be computed using Eqgs. (105) to (110). To compute
the losses (transmission) in an optical system where the Gaussian beam is perfectly aligned with the
apertures, only the knowledge of the width evolution w(z) along the optical system is needed together
with the size of the apertures. When misalignments are present, the computation of the losses requires,
in addition, the knowledge of the excursion evolution x(z) along the optical system.

5.7. Multi-pass amplifiers with apertures

In previous sections we developed the formalism to compute the beam width evolution w(z) and the
excursion evolution x(z) along an optical system containing Gaussian apertures. In this section, we
illustrate the effect of the soft apertures arising in the pumped medium on w(z) and x(z), considering the
specific case of a multi-pass amplifier.

5.7.1.Evolution of the beam width along the multi-pass amplifier

We consider a multi-pass amplifier (see Chapter 7 and [54] for more details) as a succession of identical
optical segments, each of them containing two passes at the active medium. An example of a segment
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togther with the propagation of a Gaussian mode in this segment is given in Figure 53. By concatenanting
four of these segments, the 8-pass amplifier shown in Figure 54 can be realized.

This regular beam evolution in the multi-pass amplifier occurs only when the input laser beam is correctly
matched to the “eigenmode” of the underlying segment. When the input laser beam is not correctly
matched, an irregular beam propagation occurs as demonstrated in Figure 55. Also in this figure, the
aperture effects at the thin disk are neglected. By contrast, in the simulations presented in Figure 56 the
aperture effects are considered. The comparison between Figure 55 and 56 demonstrates that the
apertures damp the irregular oscillations of the beam width around the layout value. The aperture thus
leads to a damping of the irregular width oscillations, so that at the amplifier output the beam width
approaches the layout value. This effect, already described in [186], is regularly observed in regenerative
laser amplifiers.

24
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Figure 53: Scheme of an optical segment. The vertical lines represent the position of the optical elements: the thin
disks are indicated in red, which also act as focusing elements, the flat mirrors are given in blue, and the convex
mirrors are represented in cyan. The segment is symmetric. A propagation for a mode-matched Gaussian beam is
shown in black. Soft apertures are neglected.
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Figure 54: Multi-pass amplifier formed by the concatenation of four segments of Figure 53. The corresponding
Gaussian beam evolution along the multi-pass amplifier is shown. In addition, in this case we assume that the in-
coupled beam is mode-matched to the amplifier so that a regular beam evolution occurs (same width at all the
positions of the thin disk). Soft aperture effects are neglected.
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Figure 55: Beam width evolution along the multi-pass amplifier for two in-coupled laser beams. In both cases, the
in-coupled laser beams do not match the amplifier layout. Therefore, irregular evolutions of the beam widths take
place. Soft aperture effects are neglected.
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Figure 56: Similar to Figure 55 but in this case, aperture effects are considered. An aperture size of W =10 mm
was assumed at each position of the thin disk, while the layout width (for mode-matched in-coupling) of the beam
at the thin disk is w = 2.7 mm.

This irregular beam propagation gives rise to variations of the beam size at the positions of the thin disk
that lead either to large transmission losses or to optical breakdown. In Figure 57 the simulated
transmission through the 16-pass amplifier of Figure 56 is presented as a function of the in-coupled beam
width. As expected, there is an optimal value (mode-matched value) which corresponds to the layout value
where a regular beam propagation having the same widths at all passes at the thin disk occurs. The
transmission has been computed using Egs. (106)-(111) which require the knowledge of the beam widths
w at the various passes at the thin disk. We assumed here that the Gaussian beam axis is aligned with the
optical axis, i.e. we assume x(z) = 0 for all z, so that there are no losses caused by misalignement. The plot
shows a roundtrip transmission of Tw = 32 % for ideal in-coupling. This is equivalent to a transmission of
93.1 % for each pass on the active medium. Taking into account an effective gain of 22 % for a reflection
on the thin disk (see Chapter 7) the gain on the axis of the thin disk can be assumed to be
22%+6.9% =29 %.
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Figure 57: Transmission of the laser power through the 16-pass amplifier of Figure 56 for variations of the in-
coupled beam width w at z=0. The transmission is maximal when mode-matching occurs. An aperture size of
W =10 mm was assumed at each thin disk position.

5.7.2.Evolution of the beam excursion along the multi-pass amplifier

When the laser beam propagates along the axis of the optical system, per definition the beam excursion
X(z) vanishes, i.e., x(z) = 0 for all values of z. This trivial solution represents the ideal case. However, it is
interesting to consider the properties of the multi-pass amplifier for misalignments between the optical
axis and the laser beam. In Sec. 5.4.5 we developed the mathematical formalism to trace the evolution of
the Gaussian beam axis along the optical system. The propagation of the Gaussian beam axis (excursion
and tilt) is almost identical to the standard ABCD-matrix propagation of a geometrical ray. The only
difference is given by the additional ABCD-matrix (see Eq. (105)) that needs to be included to describe the
apertures.

An example of the evolution of the beam excursion x(z) along the amplifier of Figure 55 (without aperture
effects) is given in Figure 58. Here two cases are handled: the in-coupled beam is mode-matched but enters
the multi-pass amplifier with an excursion x(z = 0) # 0 from the optical axis; the in-coupled beam is mode-
matched but enters the multi-pass amplifier with a tilt 6(z = 0) # 0 from the optical axis. By contrast, the
simulations of Figure 59 show the beam width evolution when aperture effects are considered. The
apertures lead to a damping of the initial misalignment x(z=0) #0 and 6(z =0) # 0, while the beam
propagates in z-direction. At the amplifier output, the Gaussian beam axis has approached the optical axis.
Here we have assumed that the multi-pass oscillator is perfectly aligned.

Using Egs. (108)-(111), it is possible to evaluate the additional losses at the apertures caused by the
misalighment. Figure 60 presents the losses inflicted by the multi-pass amplifier arising from the
misalignment. It is assumed here that the multi-pass amplifier is perfectly aligned, but the in-coupled laser
beam may have an offset x(z = 0) # 0 from the optical axis. For a matched in-coupling x(z = 0) = 0, we have
x(z) = 0 for all z. The transmission is thus 100 %, i.e. there are (per definition) no additional losses. For
Xx(z = 0) # 0, the Gaussian beam axis evolves in the amplifier as shown by the blue curve in Figure 59. At the
positions of the thin disk, the non-vanishing excursion of the Gaussian beam axis from the optical axis
causes additional aperture losses. Therefore, the transmission for x(z = 0) # 0 decreases.
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Figure 58: Beam excursion x(z) evolution along the multi-pass amplifier for two misaligned in-coupled beams: (blue)
the input beam has an excursion of x(z = 0) = 1 mm, (red) the input beam has a tilt of 8(z = 0) = 41.3 arcsec. In this
simulation, aperture effects have been neglected. The multi-pass amplifier has been assumed to be perfectly
aligned. For comparison, the beam width evolution along the optical system is also shown (black curve).
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Figure 59: Similar to Figure 58 but including aperture effects. An aperture size of W = 10 mm was assumed at each
thin-disk position, while the layout width (for mode-matched in-coupling) of the beam at the thin disk is
w=2.7mm.

Because of the multiplicative structure of Eq. (111), the total transmission Tos in the multi-pass amplifier
for an in-coupled beam of width w(z = 0) entering the amplifier with an excursion x(z = 0) # 0 from the
optical axis, is simply given by multiplication of the corresponding transmission curves of Figure 57
and Figure 60.
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Figure 60: Misalignment-related transmission Tajignmen: O the laser power through the 16-pass amplifier of Figure
59 as a function of the in-coupled beams initial excursion x(z = 0). The transmission is 100 % when the in-coupled
beam is on the optical axis. We assumed that the multi-pass amplifier is perfectly aligned and the input beam
mode-matched. An aperture size of W =10 mm was assumed at each position of the thin disk, while the layout
width (for mode-matched in-coupling) of the beam at the thin disk is w = 2.7 mm.

5.8. Resonator design with apertures

The TEMOO eigenmodes of a resonator are usually determined by evaluating the ABCD-matrix for a
roundtrip propagation. This evaluation can be realized starting from an arbitrary position within the laser
resonator. Consider the complex Gaussian beam parameter g(z) at an arbitrary position z in the resonator.
After a roundtrip propagation in the resonator described by the ABCD-matrix the complex beam
parameter is transformed as

Aq(zy) +B

q'(zo) =m-

(112)

In a stable resonator, the laser mode has to reproduce itself after a roundtrip. Therefore, the eigenmode
of the resonator must fulfill the condition

q'(20) = q(z). (113)

Combining Eqg. (112) and Eq. (113) we obtain, assuming that the ABCD-matrix elements are all real, that
[185]

A-D [(A+D)2—-4
, [ArDr-

ay =Ly (A0 (124)

Since the eigenmode width is related to the imaginary part of g through the equation

(115)




m The thin-disk laser for the 25 — 2P measurement in muonic helium

physical solutions generally only exist when the imaginary part of q is larger than zero:

Im(q) > 0. (116)
For real ABCD-matrix elements, this condition is equivalent to

|A+ D| < 2. (117)

In this case, the solution with the positive sign in Eq. (114) is the physical one. All resonator layouts fulfilling
the condition A + D[ <2 represent stable resonators sustaining a finite eigenmode. In this range, the
eigenvalues for the beam parameter g are complex as required for physically meaningful laser beams (see
e.g. Eq. (115)). The range for which a resonator parameter (e.g. thermal lens) can be varied while the
condition [A + D/ < 2 is fulfilled is commonly referred to as the “stability region”.

For the case [A+ D/ > 2, there are no solutions, i.e. the resonator does not sustain any eigenmodes,
because the eigenvalue q is real (see e.g. Eq. (115)) and the related beam is a spherical wave of radius g
(diverging with positive g and converging with negative g). This violates the paraxial beam assumption and
the requirement for laser beam confinement. This description does not account for aperture effects that
are essential in the field of unstable resonators [173, 174, 175, 176]. Still the parameter g can be used to
describe approximatively the phase front curvature of the truncated beam. In fact, due to the insufficient
focusing present in the unstable resonator, an initial circulating laser beam expands until limitations
caused by an aperture (e.g. a mirror edges) prevents its further growth. When the gain at the active
medium can compensate for the great losses (cut-off) occurring at this aperture, stable (in time and mode
structure) laser operation can occur in a well-defined laser eigenmode that can be highly structured [173,
174, 175, 176].

In this thesis, we only consider Gaussian apertures as they can be described in the ABCD-matrix formalism
using Eq. (101). The presence of Gaussian apertures in a resonator gives rise to ABCD-matrix elements with
complex values, i.e. having imaginary components. In this case, the solution of Eq. (113) does not take the
simple form of Eq. (114) but must be evaluated for each given resonator layout. However, generally
speaking, a resonator containing apertures always sustains an eigenmode. This result is fundamentally
different from the standard approach (for stable resonators), which neglects aperture effects. In other
words, by including Gaussian apertures in the resonator design, we treat every resonator as an “unstable
resonator”. This means that eigenmodes exist for any resonator layout. However, to evaluate whether
laser operation is possible, aperture losses have to be smaller than the gain. Thus, it is of utmost
importance for resonators containing apertures to evaluate the power transmission in a roundtrip.

5.8.1.Stability properties and aperture losses of a simple resonator

Figure 61 shows a resonator layout and the corresponding TEMOO eigenmode for two cases: (a) without
aperture effects at the thin disk, (b) with aperture effects. The aperture at the thin disk causes a reduction
of the transmitted beam width so that the forward propagating beam mode differs from the backward
propagating mode.

When designing resonators, it is customary to study the dependence of the beam width at a given position
in the resonator on variations of a resonator parameter such as the distances between mirrors, or the focal
strengths of lenses, mirrors, etc. A plot of the eigenmode for variations of one of these parameters can be
used to expose the stability of the resonator. In this thesis, we call “stability plots” the plots showing
variations of the eigenmode width for variations of the thermal lens of the thin disk. This should not be
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Figure 61: Simple resonator layout with the corresponding TEMOO eigenmode evolution. The vertical lines give the
position of the various optical elements: the thin disk with focusing effects is shown in red, the defocusing mirrors
(or lenses) in cyan. The end mirrors M1 and M2 are flat. In (a), the aperture effects at the thin disk are neglected,
while in (b) they are accounted for. An aperture size of W = 10 mm was assumed to be compared with the layout
beam width at the thin disk of w = 2.7 mm. When aperture effects are present, the forward (black continuous) and
backward (black dashed) propagating modes differ.
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Figure 62: Stability plots for the resonators of Figure 61 with (a) and without (b) aperture effects. Plotted are the
eigenmode widths at the M1 and M2 mirror positions.

confused with the stability diagram presented in [177] for example. An example of this kind of plots is
given in Figure 62 for the resonator of Figure 61. It shows the eigenmode widths at the mirror M1 and
mirror M2 positions for variation of the dioptric power of the thin disk. These widths are plotted for two
cases: neglecting (a) and considering (b) the aperture effects at the thin disk.

An optimal resonator layout is achieved when the eigenmode width at a given position along the resonator
is insensitive to variations of the dioptric power of the thin disk AV. Figure 62 (a) which has been computed
neglecting aperture effects demonstrates that the layout of Figure 61 (a) is optimal. In fact, in both cases
the beam width at the mirror M2 position is essentially constant for a large range of dioptric power
variations around the layout value (AV = 0).

With increasing deviation from this layout value, the eigenmode size becomes increasingly dependent on
AV. At a given value (in this case AV = £0.05 diopters) the eigenmode size at the end mirrors becomes
either zero or infinite. The stability region is defined as the range of AV variations where a finite value of
waist exists. For even larger variations of AV (/AV[ > 0.05 diopters) no solutions exist. Therefore, no laser
operation can be achieved in this region.
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Figure 63: Stability plots of the optical resonator presented in Figure 61(b) with aperture effects. Plotted are the
eigenmode widths at the position of the thin disk and the mirror M1 position for variations of the dioptric power
of the thin disk AV. At the thin disk both input and output beam widths are given for the case of forward
propagation. An aperture size of W = 10 mm was assumed at the position of the thin disk.
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Figure 64: Roundtrip transmission (Ty,) in the laser cavity presented in Figure 61 b), as a function of the dioptric
power variation of the thin disk from the layout value. An aperture size of W = 10 mm was assumed at the position
of the thin disk, to be compared with the eigenmode width of w = 2.7 mm at the thin disk for the layout value.

By comparing Figure 62 (a) with Figure 62 (b) we observe that the inclusion of aperture effects does not
significantly change the width of the eigenmode, provided that the variations of the thin-disk lasers AV are
small and around the layout value. At the center of the stability region (which is computed without
accounting for the aperture effect) the impact of the apertures on the eigenmode properties is thus
negligible. Because of this, standard resonator designs neglect aperture effects. However, for increasing
deviation of /AV/ from the layout value, the prediction that includes aperture effects increasingly deviates



Chapter 5: Impact of apertures on laser design

from the prediction computed without aperture effects. It even turns out that aperture effects guarantee
the existence of an eigenmode even outside the stability region (computed neglecting aperture effects).
In spite of that, in this region the aperture losses are so elevated that this region is not suited for practical
applications.

Thus, for the practical application, it seems that the aperture effects do not significantly affect the
resonator design. For this reason, aperture effects have gained only limited attention in the community.
However, they may be of central importance in resonator design as presented in Sec.5.7.2 and in
Chapter 8.

Figure 63 shows the eigenmode width w at the mirror M1 and at the thin disk. As the beam width is
reduced when an aperture is crossed, at the position of the thin disk we observe two widths: an input
width wi, and one output width wo. It is clearly visible that outside the stability region the aperture
dramatically reduces the width of the transmitted beam, so that significant aperture losses have to be
expected (relative to the input beam width).

Laser operation can only occur when the roundtrip gain at the active medium or media exceeds the
roundtrip losses. To estimate the roundtrip losses related with apertures, first the beam width of the
eigenmode along the resonator, and particularly at the aperture positions, has to be determined. For the
thin disk, the ABCD-matrix given in Eq. (102) has to be used. The beam width at the input w;, and at the
output wo,: of the aperture is determined from the g, evaluated using the ABCD-matrix formalism. The
knowledge of these widths allows computing the aperture transmission (assuming no misalignment, i.e.
& =1) at each aperture using Eq. (109). By multiplying the transmission of all apertures encountered in a
roundtrip, the total transmission in the resonator can be computed.

The roundtrip transmission T,, for the resonator with aperture presented in Figure 61 b) is shown in Figure
64 for variations of the dioptric power AV of the thin disk. By comparing this figure with Figure 62 we see
that the transmission dramatically decreases for [AV/ values at the periphery or outside the stability
region (computed without aperture effects). Thus, at the periphery or outside the stability region the
losses caused by the aperture are so large that laser operation is prevented or highly inefficient.

In conclusion, the stability plots that are commonly used to design laser resonators [177, 178], for
resonators having aperture effects, must be complemented by plots of the roundtrip transmission for
variation of the resonator parameters.

5.8.2.Stability properties and aperture losses of a multi-pass resonator

In this section, we present a resonator design that shows high sensitivity to aperture effects. It constitutes
the basis for understanding the multi-pass resonator architecture presented in Chapter 8. Simulating this
resonator, neglecting aperture effects leads to fundamentally different results than when accounting for
them.

Consider the resonator presented in Figure 66 (a). It consists of a flat mirror M2, a focusing thin disk (given
in red) a convex mirror (vex), a flat mirror M1, a convex mirror (vex), a focusing thin disk and an end mirror
M2’. We further assume that the resonator is symmetric with respect to the mirror M1 and we neglect
aperture effects. This resonator corresponds to a multi-pass oscillator with four reflections at the thin disk
in a roundtrip. The corresponding stability is shown in Figure 66 (b).
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In Figure 66 (c) the same resonator is presented as in Figure 66 (a). In addition, in this case aperture effects
are neglected. However, there is a small asymmetry between the right and the left part of the resonator.
In fact, distance d, is slightly different (on the 1 % level) from distance dx. Even though the asymmetry is
very small, it significantly modifies the eigenmode of the resonator and the stability region. As can be seen
in Figure 66 (d) the “original” stability region is split into two separate regions, i.e. a gap is generated within
the stability region obtained for the perfectly symmetric layout. In and around this gap the laser operation
is disrupted.

In Figure 66 (e) the same resonator layout is presented as in Figure 66 (c), i.e. the resonator has a small
asymmetry. However, in this case the simulations also account for aperture effects at the thin disk. The
corresponding stability plot shown in Figure 66 (f) reveals a fundamental difference compared with the
stability plot of Figure 66 (d). The aperture effects eliminate the gap in the stability region so that the same
stability region and eigenmode properties as for a perfectly symmetric resonator are obtained (compare
with Figure 66 (b)). The roundtrip transmissions in the multi-pass resonators of Figure 66 (c) and (e) are
compared in Figure 65 for variations of the dioptric power AV of the thin disk. When aperture effects are
neglected, the roundtrip transmission is 100 %. Note that the transmission is only defined in the stability
region where an eigenmode exists. The small gap around AV =0 is caused by the small asymmetry in the
resonator. When aperture effects are considered, the eigenmode is defined for any value of the dioptric
power of the thin disk. The gap disappears and at its previous position a minor fluctuation of the roundtrip
transmission is visible. This small fluctuation does not significantly affect laser operation. Therefore, when
aperture effects are included the multi-pass resonator having small asymmetries virtually behaves like the
corresponding perfectly symmetric layout.
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Figure 65: Roundtrip transmission T, for the laser eigenmode in the multi-pass resonator for variation of the
dioptric power of the thin disk AV. The blue transmission curve is for the resonator of Figure 66 (e) considering the
aperture effects generated in all four reflections on the thin disk per roundtrip. Note that we ignore laser gain and
other losses of the resonator. In contrast, the transmission curve given in red is for the resonator shown in Figure
66 (c) which is free of aperture effects. As the losses are not considered, the roundtrip transmission is in this case
100 %. However, the laser eigenmode is only defined within the laser’s stability region.
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In the practical realization of a multi-pass resonator, small asymmetries as shown in Figure 66 (c) are
unavoidable because of small variations of propagation lengths, incident angles and mirror curvatures.
These asymmetries, when neglecting aperture effects, split the “original” stability region, i.e. the stability
region computed assuming a perfectly symmetric layout. The situation becomes even worse for the multi-
pass resonator shown in Figure 67. Segment-to-segment asymmetries fragment the “original” stability plot
into various regions as demonstrated for a particular case in Figure 68 (a). Therefore, it seems that in
practical application, where segment-to-segment asymmetries are unavoidable, these layouts have to be
discarded. However, this conclusion is erroneous. In fact, including in the simulations the soft aperture
effects that naturally occur in the pumped thin disk, we find that the “original” stability region and
eigenmode properties computed for identical and symmetric segments are restored (see Figure 68 (b)). It
is important to stress that this general behavior of the stability regions does not critically depend on the
exact value of the assumed size W of the aperture. The amplitude of the small fluctuations in the stability
plots for a multi-pass resonator with segment-to-segment asymmetries and aperture effects depends on
the size W of the aperture and the magnitude of the asymmetries.
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Figure 66: Multi-pass resonator with eigenmode evolution and corresponding stability plots. (a) Perfectly
symmetric resonator without aperture effects. The vertical lines indicate the position of the various optical
components: the thin disks also acts as focusing elements M1, M2 and M2’ are flat mirrors. The evolution of the
TEMOO eigenmode along the multi-pass resonator is also shown (black curve). (b) Corresponding stability plot.
Plotted are the eigenmode waists at the mirror M2 and M2’ positions for variations of the dioptric power of the
thin disk AV. (c) Similar to (a) but in this case there is a minor asymmetry, given by a minor difference between the
two propagation lengths d; and dg. The corresponding stability plot is given in (d). (e) Similar to (c) but in this case
aperture effects at the positions of the thin disk are included (W = 10 mm). The corresponding stability plot is
shown in (f).
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Figure 67: Multi-pass oscillator formed by concatenating multiple optical segments based on the resonator of

Figure 66 (a). The corresponding eigenmode is also illustrated (black curve). Asymmetries and aperture effects are
neglected when computing the eigenmode. The vertical lines indicate the position of the various optical elements.

Briefly, soft aperture effects need to be included when designing laser resonators and amplifiers to avoid
erroneous conclusions. In addition, when treating optical resonators it is always helpful to complement
the stability plots with roundtrip transmissions in order to evaluate the impact of apertures on laser

efficiency.
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Figure 68: Stability plots of the multi-pass resonator given in Figure 67. Here we include minor asymmetries similar
to Figure 66. Plotted is the eigenmode waist at the mirrors M2 and M2’ versus variations of the dioptric power of
the thin disk AV. In (a) the eigenmode has been computed neglecting aperture effects. In (b) the aperture effects
have been included.
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Figure 69: Roundtrip transmission for the eigenmode in the resonator shown in Figure 67 including small
asymmetries and aperture effects at the thin disk (compare with the stability plot presented in Figure 68 (b)).
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6. Q-switched thin-disk oscillator

The thin-disk laser for the muonic helium 25-2P experiment has to fulfill the following requirements:

e pulse energy of about 100 mJ at 1030 nm,

e latency time (delay time between trigger and emission of the pulse) < 500 ns,

e stochastic trigger with minimal delay time between two successive pulses < 2 ms,
e continuous and stable operation over several months,

e good transverse beam quality (TEM00-mode) for efficient SHG doubling,

e pulse length < 50 ns (given by the build-up time in the Ti:Sa).

To cope with these various requirements, we realized an Yb:YAG thin-disk laser based on an oscillator-
amplifier scheme as shown in Figure 70. Both the oscillator and the amplifier are continuously pumped
with high-power diode lasers operating in continuous wave. It is the continuous pumping and the long
lifetime (in the 1 ms range depending on operational conditions) [187, 117] of the upper state population
of Yb:YAG that guarantee a steady and substantial inversion population of the active medium. Hence,
when the thin-disk laser is triggered, the pulse can immediately build up, resulting in a very short latency
time as demanded by the muonic experiment.

Commercially available lasers delivering similar pulse energies have much longer latency times. For
example flashlight pumped Nd:YAG lasers have latency times in the ms range. The longer latency time
originates from the time needed to transfer the energy from the electrical capacitors through the flashlight
into the laser active medium. As the flashlight can only sustain a limited peak intensity, a non-negligible
time is needed for this pumping process.

Disk oscillator Dilas, 969 nm
pump diode
1030 nm, 25 mJ

Laserline, 940 nm

Disk amplifier St e

1030 nm, 100 mJ
SHG LBO

515 nm, 50 mJ

Figure 70: Schematic of the thin-disk laser developed for the muonic helium experiment composed of an oscillator
and a multi-pass amplifier followed by a second harmonic generation (SHG) stage. The numbers refer to the
performance during data taking.
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In standard applications, the lasers are triggered at a fixed repetition rate using a clock. Conversely, in our
experiment the muons enter the setup at random times so that no pre-synchronization of the laser system
to the muon beam is viable. This is the origin of the short latency time requirement. Moreover, the
stochastic trigger increases the challenges of the laser system also because the thermal lens at the active
medium depends on the time elapsed from the previous pulse. Therefore, the laser system has to cope
with fluctuations of the thermal lens from pulse to pulse, i.e. it has to be insensitive to variations of the
thermal lens. For these reasons, we had to develop a peculiar thin-disk laser system with 100 mJ scaled
energy capabilities, able to deliver a pulse within a short delay (500 ns) after being triggered and with a
performance which does not depend on the time from pulse to pulse (down to a minimum of about 1 ms).

6.1. The oscillator dynamics

For the muonic experiment, we realized a Q-switched thin-disk oscillator as sketched in Figure 71. It
consists of a 2 m long cavity including a telescope formed by the concave thin disk and a convex mirror.
The thin disk is intersected twice in a roundtrip and it is pumped continuously using a diode laser
generating 300 W at a wavelength of 969 nm. A Pockels cell (PC), a A/4 wave-plate and a thin-film polarizer
(TFP) are used to control the out-coupling of the resonator, i.e. to control the Q-switch dynamics. The TFP
is a mirror whose reflectivity depends on the polarization of the impinging light. The PC and the A/4 wave-
plate act on the polarization of the circulating light. Hence, the interplay of these three elements can be
used to realize an out-coupler whose reflectivity can be adjusted from 0% to 100 %. The oscillator is
operated in pre-lasing mode (also called self-seeding [135]), so that prior to the laser trigger there is a
considerable circulating power. In this way, the pulse buildup does not have to start from spontaneously
emitted photons. The dynamics of the complete Q-switch cycle work as follows:

(a) Prior to triggering, the thin disk is continuously pumped, and the resonator is operating in cw pre-
lasing mode close to laser threshold. The oscillator is waiting for a laser trigger with an amount of
energy given by the pump power and the upper state lifetime of the active medium stored in the
thin disk. The intensity of the circulating power is stabilized by a feedback loop (see Figure 71) that
acts on the PC to adjust the resonator losses.

(b) When the laser is triggered, the PC rotates the polarization of the circulating light so that the TFP
acts as a 100% mirror. Therefore, the cavity is closed.

(c) With closed cavity, the gain dominates over the losses so that a fast pulse buildup occurs.

(d) After a given time, the PC is switched again so that the transmission through the TFP is increased.
The cavity is (partially) opened. The circulating power is extracted from the resonator, giving rise
to a laser pulse.

(e) After the pulse extraction, some time is needed until the inversion population reaches its steady-
state value. In the meantime, the PC voltages are adjusted back so that pre-lasing can restart. The
oscillator is ready to accept the next trigger.

Figure 72 shows the laser intensity measured with two photo-diodes during pulse formation: one photo-
diode (Dint in Figure 71) observes the circulating intensity (red curve) by measuring the light leaking through
a cavity mirror, the other photo-diode (Dot in Figure 71) measures the intensity of the light transmitted
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through the TFP (blue curve). In region (i) the laser is operated in pre-lasing mode, with both the
transmitted and the circulating intensities being different from zero. At time (ii) the oscillator cavity is
closed by switching the PC so that the TFP becomes a mirror with 100% reflectivity. Thus, the transmitted
intensity drops to zero, while the circulating intensity experiences an exponential growth. This exponential
growth continues until (iii), when the cavity is opened. The circulating power is extracted at time (iv)
leading to the emission of a laser pulse. Because the cavity transmission does not drop to zero but only to
about 70%, the pulse is extracted while amplification still occurs. In this way, a pulse is obtained with an
exponential fall-off and a length exceeding the roundtrip time. Summarizing, the rising edge of about 15 ns
of the extracted pulse is defined by the switching time of the PC while the falling edge has an exponential
shape given by the interplay between pulse extraction (transmission through the TFP) and the
amplification process, which decreases with time due to the depletion of the upper-state population.

At our running conditions, the pulse is extracted from the resonator before the thin disk is exposed to the
saturation fluence of the active medium (see the exponential growth of the red curve). In this way, the
optical-to-optical efficiency is not optimized but minimal pulse buildup time is reached. Extraction prior to
saturation is also beneficial in terms of optical damage to the various components.

The laser gain per roundtrip is about 1.3, thus rather low compared to other laser types [188, 189]. To
shorten the pulse formation, prior to pulsing we operate the laser in cw mode with a small (relative to the
pump power of 300 W) output power of about 1 W. The gain in the active medium is thus basically
unaffected by the pre-lasing operation. The pre-lasing enables the pulse formation to be initiated starting
from a significantly higher circulating power compared to the power related to the spontaneous emission.
We observed a reduction of the pulse buildup time by a factor of about two, down to 400 ns (for output
energies of 35 mJ) when the laser is operated in pre-lasing mode.
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Figure 71: Scheme of the Q-switched thin-disk oscillator with feedback loop to stabilize the circulating power
during the pre-lasing operation. M1 and M2 are the resonator end-mirrors, PC is the Pockels cell and TFP is the

thin-film polarizer. The quarter wave-plate placed in front of the thin disk provides twisted mode operation of the
laser (see Sec. 6.4). Dint and Doyt are two photo-diodes measuring the circulating and extracted power, respectively.
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Figure 72: Circulating power (red) during the pulse formation measured with the photo-diode Din: placed behind
the cavity mirror M2, and transmitted power through the TFP (blue) measured with the photo-diode Dot (see
Figure 71). The pulse formation can be divided into the following steps: (i) pre-lasing operation, (ii) closing of the
cavity followed by the amplification of the circulating power, (iii) opening of the cavity with subsequent extraction

(iv) of the pulse. For low laser powers the electrical pickup (P) caused by the switching noise of the Pockels cell is
visible in the logarithmic plot.

At the same time, the pre-lasing operation allows a reduction of the laser bandwidth and improvement of
the transverse beam quality. Typically, Q-switch lasers start from spontaneously emitted photons (noise)
in several longitudinal and transverse cavity eigenmodes. During pulse buildup, mode cleaning occurs
ruled by the active medium aperture effects and gain profile [101]. However, in the short pulse buildup
time the mode cleaning is limited [170]. Contrarily, in our case the significantly longer time of the pre-
lasing operation allows for a more effective mode cleaning, which leads to single transverse mode
operation. In pre-lasing operation, the laser bandwidth is reduced to single frequency operation
limited by mechanical stability (the Schawlow-Townes limit is several orders of magnitude smaller
[190]). Several lasers used the pre-lasing operation to take advantage of this bandwidth narrowing [135,
191, 192].

Because the pre-lasing occurs near laser threshold, it is extremely sensitive to vibrations, fluctuations of
the laser gain and losses, and to relaxation oscillations. Therefore, to reduce the related instabilities, an
active control of the circulating power during the pre-lasing operation is needed. Figure 73 shows the
circulating power of the oscillator for two cases: (a) the pre-lasing operation is free running, and (b) the
pre-lasing operation is actively intensity-stabilized. For the active stabilization, the feedback loop shown
in Figure 71 is used. Figure 73 shows the laser dynamics as in Figure 72, but on a larger time scale (ms
instead of ps), and zooming in the low-power range. In region (A) the oscillator runs in pre-lasing mode
and is ready to accept a trigger. In (B) the laser is triggered and within a short time, it emits a pulse of low
energy. In the power and time ranges of the plots, the pulse is reduced to a vertical line. After the pulse
emission, the laser switches off (C), because the laser pulse has depleted the population of the upper
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Figure 73: Circulating power in a Q-switch cycle on the ms time scale for free-running pre-lasing operation (a), and
for active power-stabilized pre-lasing (b). The following stages charachterize the Q-switch cycle: (A) pre-lasing; (B)
trigger, pulse formation and pulse emission; (C) the laser switches off after extraction of some energy from the
disk; (D) the laser starts to lase again but in an unstable way; (E) relaxation oscillation; (F) the laser again is ready
to accept a laser trigger. In both cases, the extracted pulses have a low energy (< 10 pJ) so that the laser is off only
for a minor time (compare with Figure 74 where the extracted energy is much larger). The feedback loop is
inhibited for a time span of about 1 ms after pulse extraction.

state so that the laser is below threshold. The laser power thus drops to zero. Soon afterwards, the
oscillator again starts to lase because in the meantime the inversion population is being recovered due to
the continuous pump process. However, initially the laser operation is unstable (D). Before approaching
steady-state conditions (F), the laser first exhibits pronounced spiking (D) and then relaxation oscillation
(E). The damping of this process is slow since the upper-state lifetime is much longer than the photon
lifetime in the cavity. For an OC transmission of 30 % and a 2 m long cavity the photon lifetime in the cavity
iS Tphoton = Troundtrio 1/IN(Roc) = 30 ns, to be compared with the effective (shortened by ASE effects) lifetime
of 0.3 ms of the upper-state in Yb:YAG with a doping concentration of 5 % [117].

This leads to minimal damping of the relaxation oscillations as described in [117, 193] and [194]. As
becomes visible when comparing Figure 73 (a) with Figure 73 (b), the active intensity stabilization of the
pre-lasing process helps to shorten the damping time of these instabilities. For reasons that will be
explained below, the active stabilization is switched off for about 1 ms after the pulse emission. Thereafter,
it is switched on and within 0.2 ms the laser is ready to accept another trigger because the circulating
power has reached its steady-state value (prior to trigger).

Figure 74 shows a plot similar to Figure 73 (b), but for the extraction of a pulse of much larger energy.
Because of the larger pulse energy, the laser is off for a much longer time due to the greater depletion of
the upper-state population that requires a much longer time to be restored. In addition, in this case, the
active stabilization is turned off for 1 ms after the pulse extraction and the value of the integral component
is buffered in this time. The integral part of the feedback loop would drift away from its steady-state value
if the feedback loop was on while the laser is off. This would cause instabilities when the laser turns on
again.
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Figure 74: Similar to Figure 73 (b) but for a pulse energy of =30 mJ and repetition rates of 100 Hz. The negative
power values after (B) are related to the saturation of the photo-diode.
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Figure 75: Similar to Figure 74 except for larger repitition rates: 550 Hz in (a), 750 Hz in (b).

The energy of the output pulses linearly depends on the pre-lasing power because the pulses are extracted
prior to saturation of the laser gain. Hence, fluctuations of the pre-lasing power lead to fluctuations of the
emitted pulse energies. These fluctuations increase in the successive laser stages (SHG, Ti:Sa) diminishing
the average performance of the laser system as it cannot be appropriately optimized (optical damage
issues). The circulating power time evolution of the circulating power when the laser is triggered at larger
repetition rates (500 Hz and 800 Hz, respectively) is shown in Figure 75. Hence, in summary, the active
stabilization brings along two advantages: pulse-to-pulse stability and higher repetition rates.
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6.2. The oscillator eigenmode and cavity layout

The oscillator cavity was designed to have a pump spot with a diameter of 7 mm and, following the rule of
thumb presented in Eq. (64) relating the optimal beam width with the pump diameter, a laser eigenmode
width at the position of the active medium of w = 2.5 mm. As visible in Figure 71 the thin disk is used as a
folding mirror and not as an end-mirror. In this way, the gain per roundtrip in the cavity is doubled resulting
in a shortening of the buildup time of the pulse. A short buildup time however is only obtained provided
the cavity length is short. Eigenmodes with large transverse sizes can be obtained in a short cavity using a
telescope within the resonator. To further shorten the cavity length, we decided to use a concave thin disk,
so that the thin disk is also the first mirror of the telescope. Given these premises, there are two
possibilities, as shown in Figure 76, to realize a laser resonator consisting of a plane end-mirror M1, a
convex mirror, the thin disk with a concave curvature, and a plane end-mirror M2: of type | (in zone ) and
of type Il (in zone Il) [178].

As “long branch”, we define the right side, w.r.t. the thin disk of the resonator of Figure 76 which contains
the telescope. Similarly, we define the left side, w.r.t. the thin disk as the “short branch”. “Long” and “short”
here refer to effective propagation lengths given by the ratio A/B, where A and B are the first and second
elements of the ABCD matrix of the two branches. For both types of resonator, the “long branch” shows a
stronger variation of the eigenmode width compared to the “short branch” for variations of the thermal
lens of the thin disk. One of the main differences between the two resonator types is that type | resonators
have a strong focus in the “short branch”. Oppositely, in type Il resonators the beam remains large and
approximately constant. Hence, even though resonators of type | have better stability properties w.r.t.
misalighnment and thermal lens effects, we design our resonator to operate in the stability zone Il.

The resonator layout of Figure 76 (b) yields a large and collimated eigenmode in the “short branch” the
ideal location to place the PC. The “long branch” provides the resonator stability and defines the width of
the eigenmode. At the position of the convex mirror (vex, cyan) and the end-mirror M1, the eigenmode
width is small and strongly affected by variations of the thermal lens of the thin disk. As a result, these
optical elements are critical from the optical damage point of view. Only laser mirrors with very high
damage threshold of up to 100 J/cm? [195] can be used at these positions.
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Figure 76: Type | (a) and type Il (b) resonators formed by the active medium (disk), a telescope composed of the
disk and a convex mirror (vex), and two flat end-mirrors M1 and M2. The radius of curvature of the disk is 2 m, of
the convex mirror, -1 m. The position of the Pockels cell (PC) is also indicated, even though the PC does not affect
the evolution of the beam width. The vertical lines give the position of the optical elements, while the other curves
represent the width of the eigenmode along the resonators for three different values of the thermal lens of the
thin disk (0 and * 0.015 diopters). For the muonic experiment we realized the resonator in (b) corresponding to
Figure 71.
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Figure 77: Stability plot of the two resonators shown in Figure 76. Plotted is the eigenmode width w at the various
optical elements for variations of the dioptric power of the thin disk V.

We used a thin disk with a heatsink made from diamond with 2 m of nominal curvature (the
interferometric measurement gave a value of 2.18 m for the unpumped operation). This value is altered
by the thermal lens effect when the thin disk is pumped as detailed in Chapter 4. This rather small radius
of curvature allows the realization of a short Galilei telescope, i.e. when combined with a convex mirror
with a radius of curvature of R =-1m.

The stability plots [178] for the two resonator types of Figure 76 are shown in Figure 77. Plotted is the
eigenmode width w at the positions of the thin disk, Pockels cell, and end-mirrors for variations of the
thermal lens of the thin disk. Only in the region where the width w is finite is the resonator stable, i.e an
eigenmode exists.

Because in our case only resonators of type Il are of interest, in the following we only concentrate on them.
A zoom of the stability plot in zone Il is given in Figure 78 (a). The eigenmode width w in the center of the
stability region can be adjusted by varying the distance between the convex mirror and the end-mirror M1.
Similarly, the position of the stability region can be shifted by varying the distance between the thin disk
and the convex mirror. Therefore, an adjustment of the eigenmode width and of the position of the
stability region can be obtained almost independently by adjusting these two distances. Thin disk, PC, TFP
and A\/4 plates are all placed in a region where the eigenmode is large and independent of variations of
the dioptric power of the thin disk, as these elements have a lower optical damage threshold compared
to high-power mirrors.

The stability plot of Figure 78 (a) has been computed assuming no aperture effects in the active medium.
Conversely, in (b) aperture effects have been accounted for, as described in Chapter 5. The aperture effects,
as detailed previously, extend the region of stability where an eigenmode exists to infinity. Yet, outside of
the classic stability region computed neglecting aperture effects, the losses at the aperture are so large
that laser operation in this region is strongly disfavored. Conversely, within the classic stability region, the
aperture effects have a minimal impact on the resonator properties. For these reasons, aperture effects
are usually neglected.
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Figure 78: Stability plot for the type Il resonator of Figure 76. In (a) the aperture effects occurring at the active
medium have been neglected. In (b) a Gaussian aperture with W =10 mm has been assumed. Plotted are the
eigenmode widths at the various optical elements for variations of the dioptric power of the thin disk V.

6.3. The Pockels cell

The output coupling of our oscillator was controlled by the interplay of a PC, a A/4 wave-plate and a TFP
[196, 197, 198]. Besides being used to control the Q-switching, our PC was used, contrarily to standard
designs, to stabilize the pre-lasing operation. Because of this, a customized PC had to be developed.

The A/4 wave-plate is adjusted to guarantee laser operation close to threshold (pre-lasing) prior to trigger.
Given the gain per pass on the thin disk of about 15 %, the required out-coupling in pre-lasing operation
is about 30 %. The PC in the pre-lasing mode is operated at low voltage: a feedback loop delivering
maximally -400 V acts on one of the PC electrodes to control the losses stabilizing the circulating power.
When triggered, the cavity is closed by switching one electrode of the PC to high voltage. The high voltage
is chosen so that the resonator transmission drops to about 0 %. Pulse extraction occurs when the cavity
transmission is switched back to 30 %. In principle higher out-coupling could be chosen, resulting in shorter
pulses. Yet, this is disadvantageous from the optical damage point of view; not only for the thin-disk
oscillator, but also for the multi-pass amplifier and the Ti:Sa laser. Therefore, for our purpose the dynamic
range of the resonator transmission that must be reached with the PC is moderate: it lies between 0 %
and 30 %.

In Sec. 6.3.1, we describe by means of Jones matrices the interplay of the three elements controlling the
out-coupling: PC, quarter wave-plate and TFP. We also demonstrate that PC voltages below the quarter-
wave voltage are sufficient to cover the out-coupling variations needed. This is a non-trivial result given
the fundamentally different action on the light polarization of the wave-plate and the Pockels cell. In Sec.
6.3.2 and 6.3.3, we present the electrical and mechanical design of the Pockels cell, respectively.

6.3.1.Jones matrix formulation of the Pockels cells

The evolution of the polarization in an optical system can be described using Jones matrices [199] where
the light polarization is described by a two-component vector: (0,1) and (1,0) represent linearly polarized
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beams in the horizontal and vertical directions, respectively. The evolution of the polarization in the
oscillator shown in Figure 79 follows this sequence:

e The beam is reflected at the TFP which defines the polarization to be (1,0) as only the
vertical component is reflected while the horizontal component is transmitted.

e The beam moves from the TFP to the A\/4 wave-plate. While propagating in this free space
(air) the polarization vector is conserved. This is valid for any free propagation or
propagation in non-birefringent materials. All the following free propagations are thus
neglected in the discussion.

e The beam crosses the A\/4 wave-plate. The optical axis of the crystal lies in transverse plane
oriented at an angle a w.r.t the horizontal direction.

e The beam passes the PC whose optical axis is also in the transverse plane at 45° w.r.t the
horizontal direction.

e The beam is back reflected at the cavity end-mirror M2. This does not change the
polarization vector.

e The beam passes the PC a second time.

e The beam passes the A/4 wave-plate a second time.

e The beam reaches the TFP that reflects the vertical polarization and transmits the
horizontal one.

e The vertical polarization propagates to the disk, where it is backreflected. The polarization
is maintained in this propagation.

The polarization amplitude of the laser beam leaving the TFP and moving towards the mirror M2 is (1,0).
After propagation through the A/4 wave-plate, PC, back-reflection at M2, PC and A/4 wave-plate the laser
beam reaches again the TFP. Its polarization amplitude P before the TFP can be computed by multiplying
the Jones matrices corresponding to the various (polarization-dependent) optical elements:

TFE

lu

" — Outcoupling

O

O
I—I Thin-disk

Figure 79: Simplified schemes of the oscillator illustrating the working principle of the polarization-dependent
elements. The TFP transmits the horizontal polarization and reflects the vertical polarization. The green full circles
stand for vertical polarization, the green double-head arrows for horizontal polarization. See main text for more
detail.
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where the matrix

i
4
Myys = ["’ °_n] (119)
0 e 'z
represents the Jones matrix for the A/4 wave-plate, and
m’l
U 0

Mpc = |° (120)

0 e_mU_/l
the Jones matrix for the PC whose retardation depends on the applied voltage U with U, being the voltage
needed (which depends on the geometry and material of the electro-optic crystal) to induce a retardation

of A. The matrix

__[cos(a) sin(a)

Mq = —sin(a) cos(a)

(121)
represents a rotation in the transverse plane by an angle a w.r.t. the horizontal. These rotational matrices
are used because the Jones matrix of Eq. (119) is defined assuming that the optical axis is at a given angle
o w.r.t the horizontal direction, while Eq. (120) is defined assuming that the optical axis of the PC crystal
is at 45° w.r.t the horizontal direction. Note that an optical component with a matrix Meiement Whose optical
axis is at an angle B w.r.t. the horizontal, in the horizontal-vertical basis has to be described by
Mﬁ Melement M-ﬁ-

To compute the fraction of the intensity reflected at the TFP we have to take the first component of the
polarization vector P;

n U

P(U,a) =i-cosa) - cos (2 UA/

. . _(m U
2) —(1+4i-cos(2a)) - sin(2a) - sin (EW/) (122)
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Figure 80: The effective reflectivity R of the TFP-A/4-PC system given as a function of the voltage difference U
applied to the PC electrodes. The various lines represent the behavior for various orientations a of the wave-plate.



Chapter 6: Q-switched thin-disk oscillator [lek]

and square it to go from amplitude to intensity. The effective reflectivity R of the resonator out-coupler
(TFP) depends on the voltage U applied at the PC and the angle a of the A/4 wave-plate as

R =[P, a)]% (123)

The effective reflectivity R is a double periodic function with period of 90° for a, and period U,/ for U. The
reflectivity is plotted as a function of U in Figure 80 for various values of a. As visible from the figure, for
large R, variations of a produce similar results to variations of U, so that a change of « is equivalent to a
voltage offset.

For our PC crystal (BBO, 15 x 15 x 30 mm?) U,4= 11.5 kV [200]. Therefore, to switch from R =100 % to
R =0 % a voltage difference of 11.5 kV is needed. However, prior to laser trigger the oscillator is operated
in pre-lasing mode close to the laser threshold with a cavity reflectivity of about R = 70 %. The effective
reflectivity R is then increased to 100 % when the oscillator is triggered. The resonator is thus closed and
remains closed until the PC is steered to yield an effective reflectivity of about R =70 %. The needed
dynamic range of the PC is thus only approximately 0.3 Uj/a.

Figure 81 illustrates the just-described time evolution of the effective reflectivity R during a Q-switch cycle.
In pre-lasing operation, the PC voltage difference U = U; - U, is close to zero (red region). It is not exactly
zero because a small voltage (U; # 0, U, = 0) is applied to the PC to stabilize the power of the circulating
light. This stabilization is realized by a feedback loop (see Figure 71 and Figure 82) which delivers a voltage
of between -400V and 0V. When triggered, the cavity is closed by applying a positive voltage of
U =U; =3.2 kV. To extract the pulse from the cavity, the PC voltage is set to zero by switching the second
electrode to the same voltage U;=U;=3.2kV. The pre-lasing operation is off for 1 ms after pulse
extraction. Thereafter, it switches on and the oscillator is ready to accept a new trigger.

Pulse buildup
IRig e
-~ " il
P ~
0.9 Switching o
D
s
e 2
0.8 e
#
/
# i
0.7 z - '
1 / Prelasing regulation
0.6- . ‘ : ‘
0 1000 2000 3000
UlV]

Figure 81: Time evolution of the effective reflectivity R during a Q-switch cycle. The behavior of Rvs. U=U; - U,
follows one line of Figure 80 obtained with a = 16.6 °. During pre-lasing operation (red region), U is negative. After
a trigger, the voltage U is switched to 2.3 kV and the effective reflectivity becomes R = 1. Pulse buildup occurs until
the Pockels-cell voltage difference is switched to U = 0 to extract the pulse. The PC voltage is thus at U = 0 during
pulse extraction. 1 ms after pulse extraction the pre-lasing regulation is switched on again.
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6.3.2.The electric design

Our Pockels cell was optimized for:

. Controlling the Q-switching dynamics: The Q-switching requires a voltage jump of about 3 kV.
The purchased high-voltage switches are capable of switching 16 kV within 15 ns [201].

. Intra-cavity power stabilization of the pre-lasing: This analog regulation relies on a continuous
variation of the effective reflectivity R via a feedback loop acting on the PC with a variable voltage
between of -400 Vand 0O V.

For these purposes, to drive the PC electrodes we developed the electrical circuit of Figure 82. The central
element of the PC is the electro-optic crystal that produces a phase retardation of the transmitted beam
that depends on the electric field. The electric field that is applied transversely to the laser beam axis is
defined by the potential at the two electrodes contacted with the crystal as shown in the central part of
the figure.

In pre-lasing operation, the electric field in the PC crystal is adjusted to stabilize the power of the circulating
light. This stabilization works in the following way. A photo-diode Di.;, measuring the light leaking from the
mirror M2 is used to monitor the circulating power. As shown in the bottom left part of the figure the
amplitude of the photo-diode signal is fed into a PID controller. The error signal generated by the
difference between the amplitude of the photo-diode and a set-point value is then fed to an analog
amplifier delivering a voltage of between -400 V and 0 V. Through resistors R9, R6 and R5 this voltage is
applied to the left electrode of the PC crystal. Variations of this voltage (U:) can thus be used to adjust the
cavity losses to stabilize the circulating power. The two switches SW1 and SW2 are open during the pre-
lasing operation. Consequently, the right electrode is at zero voltage (U = 0), while the voltage of the left
electrode is only given by the just-described feedback loop (U;:20).
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Figure 82: Electronic scheme used to drive the PC. Two switches SW1 and SW2 and a feedback loop controller
steer the voltages at the crystal electrodes. Two customized Behlke HTS 160-01 switches [201] capable of switching
16 kV with 15 A and a rise time of 15 ns are used with an increased on-time of 2 ps.
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When the laser is triggered, the switch SW1 is closed. Within 15 ns, the left electrode of the PC is set to
the voltage U; = HV1 given by an external voltage source. The right electrode remains at zero voltage
(U2 =0) so that a strong electric field is created in the PC crystal. The cavity is closed and pulse buildup
starts.

After a given time (that can be adjusted) also the switch SW2 is closed. Within 15 ns the right electrode is
thus set to Uz = HV2; since in our case HV1 = HV2, after this switching operation the electric field in the PC
crystal drops to zero (or near zero). The effective reflectivity of the TFP returns to approximaely 70 %, i.e.
approximately to the value it had prior to laser trigger given by the orientation of the A/4 wave plate. The
pulse is emitted from the resonator.

The two switches of the PC have a 2 us on-time. This means that 2 us after the switch has been closed, the
switch is reopened again. With open switches, the high voltages at the electrodes decay with a time
constant of about 100 ps given amongst other effects by the crystal capacitance, by R5, R6, R7 and R8. This
means that both electrode voltages, which have been set at the same value, slowly decay back to zero. As
the decay constants for the left and right electrodes are the same, the voltages at the two electrodes decay
in a similar way. Thus, during this discharging process the electric field in the crystal remains nearly zero.
After a few hundred microseconds both electrodes are at zero voltage and the two switches are open.
With a delay of 1 ms after pulse extraction, the feedback loop that was inhibited during the pulse
formation is switched on again. The laser returns to operate in pre-lasing mode.

During high-voltage switching, the -400 V amplifier of the feedback loop has to be protected because the
switches generate spikes significantly higher than the amplifier limit. Diode D1 shown in the bottom left
part of Figure 82 is used to protect the amplifier. When the left electrode (U;) is at high positive voltage, a
current is flowing through resistor R5, resistor R6 and diode D1, but no current flows back into the -400 V
amplifier, as diode D1 opens to ground.

During the pre-lasing operation, diode D1 is closed as the amplifier has a negative voltage. In such a way,
the voltage of the feedback loop amplifier can be applied to the left electrode (U;) of the crystal. This
motivated the choice of a negative voltage for stabilizing the pre-lasing and a positive voltage for the
switching. We realized the PC using modified Behlke HTS 160-01 switches [201] capable of switching 16 kV
with 15 A and a rise time of 15 ns, and a customized on-time of 2 us. The triggers of the switches were
realized using TTL signals and coaxial cables with internal 50 Q terminations to minimize possible pick-up
noise that could produce false triggers.

The PC was designed so that for the majority of the time the electrodes of the crystal are at, or close to,
zero voltage to reduce the probability that electrostatically charged dust is attracted to the crystal. For
most of the time, also the electric field is at, or close to zero, so that photo-refractive effects related with
the free electrons induced by multi-photon absorption are reduced [202]. To keep the PC at zero voltage
during pre-lasing, the orientation of the A/4 wave-plate has to be adjusted correspondingly to provide a
rotation of the polarization corresponding to an effective reflectivity of about R =70 %.

Barium-beta-borate (BBO) was chosen as PC crystal for its high damage threshold, low residual absorption
and low hygroscopicity. BBO requires considerably higher U,/ voltage due to the low non-linear coefficient
(2.7 pm/V [200]) compared, for example, with Lithium Niobate having (34.4 pm/V [203]). However, the
switching voltage is of lower concern for our PC design, given the availability of fast switches up to 30 kV.
Still, a large Uy increases the complexity of the PC realization.
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6.3.3.The practical realization

We used a BBO crystal with an aperture of 15x15 mm? and a length of 20 mm. The transverse size of the
crystal is thus 6 times larger than the eigenmode width at the PC location. Two lateral sides of the crystal
are metallized to define a homogeneous electric field perpendicular to the laser propagation. The front
and back surfaces have a high-power anti-reflex coating for our wavelength of A =1030 nm which
simultaneously serves as a barrier to reduce the hygroscopic absorption of moisture.

The mechanical setup was optimized to fit into the optical system of the laser resonator. The basic
mechanical requirements were:

e Abeam height of h =125 mm,

e Crystal accessibility for inspection,

e Large optical aperture to avoid optical damage and diffraction losses,

e Short optical length to minimize cavity length,

o (Clean separation between electronic part and optical setup to realize a dust-free environment,

e No polymer components close to the beam to reduce laser-induced dust generation in case of
misalignment,

e Adjustable mechanics for crystal alignment is not required,

e Capable of operating at voltages up to U = 10 kV.

Figure 83 shows a picture of the realized PC. The BBO crystal is placed in between the two brass electrodes
(top part of the figure) mounted on an acrylic-glass plate. The height of the beam (crystal) is h =125 mm
from the optical breadboard, as in the rest of the thin-disk laser. All electronic components (switches,
capacitors etc.) are below the beam height separated by the acrylic-glass plate to have “clean-room”
condition in the optical region where the BBO crystal is placed. In fact, the electronic parts are the largest
source of dirt and outgassing within the laser system.

Each electrode is being fixed to the acrylic-glas plate using a screw and two cylindrical dowel pins, providing
a precise position and angle. The plate is 25 mm below the laser beam axis and shows a nearly perfect

Figure 83: Picture of the Pockels cell without lateral walls and protective cap for the optical region. The optical region
(top) is separated by an acrylic glass from the region containing the electronics (switches, capacitors etc.). 3D wiring
minimizes the breakdown issues.
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Figure 84: Optical region with the Brass Pockels cell electrodes clamping the BBO crystal mounted on an acrylic-
glass plate. (a) Full 3D drawing. (b) Half-cut through the 3D drawing.

transmission for the laser wavelength so that even for significant amounts of light scattering at the
electrodes or at the edge of the crystal the intensity is expected to be far below the threshold that could
induce material damage. Unlike machined polymers, the surface of the acrylic glass is flat and smooth,
making it ideal to clean with isopropanol. The use of a polymer base plate seems risky as polymers exhibit
some creeps that could result in laser misalignment. However, note that the angular acceptance of the PC
is several orders of magnitude larger than for laser mirrors.

The crystal is mounted between the two brass electrodes as shown in Figure 84. Inspection of possible
crystal damage may take place without dismounting the crystal, thus without losing the laser alignment.
This differs from standard PC designs, where inspection of the crystal requires dismounting from its holder.
Compared to standard designs the space adjacent to the crystal does not contain any component made
from plastics. This strongly reduces the contamination of the optical surface that would occur if a
misaligned laser beam impinged on the polymers. However, to prevent electrical breakdown the spacing
between the various elements set at different potential has to be increased to compensate for the lower
isolation properties of air compared to plastic materials.

One electrode is split into two parts that are pulled apart by two springs. In this way, the electrode surface
in contact with the BBO crystal is movable to allow for crystal replacement. The other electrode is
stationary and acts as a position reference. The BBO is held in position in a gentle way only by the pressure
exerted by the springs. The correct centering of the crystal can be achieved using the milled notch at the
front surfaces of the electrodes. The electric field increase arising at the edges of the notch is minimized
given small depth of the notch of only 0.1 mm. To prevent discharges (from electrode to electrode, or from
electrode to the metallic housing) the electrodes were produced with significant chamfers.

A metallic housing (not shown in Figure 83 and Figure 84) protects the optical region of the crystal and
electrodes against dust. This housing also represents a safety protection for the operator against high
voltages. This window-free (only holes) housing can be removed without misaligning the resonator and
provides an effective shielding for electromagnetic interference (EMI). Commercial PCs use optical
windows to protect the crystal region from dust. We omitted protective windows of the housing, as these
increase cavity losses, and the number of components vulnerable to laser damage.
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6.4. Results

The thin-disk oscillator was pumped with 300 W of pump power from a fiber-coupled diode module
operating at a wavelength of A =969.6 nm. As the diameter of the pump spot was about 7 mm, the pump
power density was of the order of 2 kW/cm?. This has to be compared with 8 kW/cm? as typically used in
cw lasers. Our smaller pump power density accounts for gain saturation caused by ASE and the higher
thermal load due to the use of thicker disks (345 um instead of 140 um) and the operation in fluorescence
mode. In fact, because of the quasi-three-level structure of Yb:YAG, the increased thermal load and
temperature of the active medium leads to a decrease (rollover) [204] in gain, with increasing pump power.

To minimize the thermal load, we opted to pump the Yb:YAG active medium at its zero-phonon line
centered around 969.6 nm instead of the classically used pump wavelength at 940 nm. This choice alone
reduces the thermal load in the disk by a factor (1030 nm - 969.6 nm) / (1030 nm — 940 nm) = 0.67. The
drawback is that the zero-phonon line has a width of only 2.5 nm [101]. Thus, the pump diode has to be
frequency-narrowed and stabilized. This is achieved using a volume Bragg grating (VBG) [205] as feedback
mirror to the laser diodes. The pump light from the diode is transported to the pump optics using a fiber
with 600 um core diameter. As pump optic, the standard 6 prism (16 passes) laser-head of TRUMPF [112,
206] is used.
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Figure 85: Oscillator pulse energy versus the oscillator enclosure time t. Two different types of thin disk with
different thickness and doping concentration are used. The CVD-based disks are either from the IFSW [207] or
from TRUMPF [208]. The various measurements are based on slightly different oscillator layouts but have similar
eigenmodes and resonator lengths.
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The eigenmode width at the active medium was designed to be w = 2.5 mm. As explained in Chapters 4
and 5, this choice is a tradeoff that accounts for several aspects. A smaller width would lead to lower
damage thresholds and a smaller fraction of extractable energy. In addition, higher-order transverse
modes could lase, leading to larger losses and a decrease of the beam quality. On the other hand, a larger
eigenmode width [117] would cause strong aperture effects that decrease the gain and the beam quality.

The output energy of the oscillator can be adjusted by varying the time window in which the resonator is
closed. As visible in Figure 85, an increase of this time window (delay between closing and opening of the
cavity) leads to an increase in output pulse energy. The pulse energy was fitted using the function

_ Emax
E() =T etten D * (124)

where t is the enclosure time, Enqyx is the maximal extractable pulse energy, tsox the time when E = Eqax / 2,
and G is the small signal gain of the laser given by the small signal roundtrip gain go and the roundtrip time
T, as

_%
T

G (125)

We derived Eq. (124) from the rate equation including gain saturation but neglecting intra-cavity losses.
This is justified by the fact that the cavity is closed during pulse buildup. Enex is reached for the limiting
case of an infinitely long pulse buildup time and no losses.

In the measurements of Figure 85, two types of disk have been used: one with 11 % doping concentration
and a thickness of 140 um suited for cw operation, the other one with a thickness of 345 um and a doping
of 7 % optimized for our conditions (fluorescence operation and large pulse energy). Both disks are based
on a CVD heatsink. From the figure, it is clear that the optimization of the thin disk we have achieved in
this thesis was significant. First of all, this optimization leads to a shorter delay (latency time) at a given
output energy. Second, the thicker disk is capable of storing higher energy so that the inset of gain
saturation occurs later (at a higher energy) compared to a thinner disk. This is also advantageous in terms
of optical damage.

The use of the thin disk as a bending mirror in a linear cavity increases the effect of spatial-hole-burning
[209]. Hence, several longitudinal modes can lase in the oscillator at the same time. The interference of
the various modes produces mode beating [117, 210, 211] that generated large intensity fluctuations both
in the pre lasing and in the pulse operation (see Figure 87 (a)). These fluctuations reduce the optical
damage threshold in the thin-disk laser and in the following laser stages (SHG and Ti:Sa laser). It was
described that the averaging effect of several passes in the active medium can be used to mitigate spatial-
hole-burning [212]. However, this occurs only for mode-locked laser operation. For narrow-band laser
operation an increase of the number of passes at the active medium enhances spatial-hole-burning.

In reference [210], mode beating was suppressed by inserting frequency-selective elements into the
resonator so that only one mode can circulate in the cavity. On the contrary, in our laser system the cavity
is too long to allow for efficient suppression of adjacent laser modes. However, as exposed in [213] so-
called “twisted-mode” operation of the resonator can be implemented. The basic idea is to introduce a
M4 wave-plate in front of the thin disk to suppress the interference between the first reflection and the
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Figure 86: Picture of the modified TRUMPF laser-head [206]. It contains the pump optic and the thin disk and is
closed with a rotatable 2-inch \/4 wave-plate adjusted to suppress mode beating.
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Figure 87 (a): Measured oscillator output pulse without (a) and with (b) the second (in front of the disk, see Figure
71) A/4 wave-plate to suppress spatial-hole-burning and mode beating.

second reflection at the thin disk in a roundtrip. In our oscillator, we thus inserted a second A/4 wave-plate
as shown in Figure 71 in front of the thin disk. At the same time, this wave-plate as visible in Figure 86 was
used as a window to close the pump module to prevent the dust to enter into the module, and to reduce
the air turbulences leading to Schlieren effects [214]. The suppression of the mode beating by inserting
the A/4 wave-plate is well visible by comparing the two plots of Figure 87 [215, 216]. The mode-beating
suppression results in a decrease of the intensity modulation of the pulse.

The FWHM length of the pulse in Figure 87 is approximately 50 ns. By increasing the output energy, the
pulse length slightly decreases because the larger extracted energy more rapidly saturates the gain. Thus,
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the oscillator goes more rapidly below threshold and the pulse is extracted with a lifetime given by the
photon lifetime in the cavity.

In summary, the oscillator that we developed for the muonic helium experiment is capable of pulse
energies up to 110 mJ, minimal delay time from pulse-to-pulse down to 1.2 ms, pulse-to-pulse fluctuation
better than 1 % (with a 200 Hz trigger rate), short latency time of about 400 ns (for 25 mJ energy). A beams
mode-quality of M? =1.01 was measured in the pre-lasing operation. During data taking, however, the
oscillator was safely operated to deliver “only” 25 mJ.
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7.Thin-disk laser multi-pass
amplifier?

In the context of the Lamb shift measurement in muonic helium [1, 2, 50, 217] we developed a thin-disk
laser composed of a Q-switched oscillator and a multi-pass amplifier delivering pulses of 150 mJ at a pulse
duration of 100 ns. Its peculiar requirements are stochastic trigger and short delay time (< 500 ns) between
trigger and optical output [218]. The concept of the thin-disk laser allows for energy and power scaling at
high efficiency. However, the single-pass gain is small (about 1.2). Hence, a multi-pass scheme with precise
mode matching for large beam widths (w = 2 mm) is required.

Instead of using the standard 4f design, we have developed a multi-pass amplifier with a beam propagation
insensitive to thermal lens effects and misalignments. The beam propagation is equivalent to multiple
roundtrips in an optically stable resonator. To support the propagation we used an array of 2x8
individually adjustable plane mirrors. Astigmatism has been minimized by a compact mirror placement.
For precise alighment, a kinematic array was realized using our own mirror mount design. A small signal
gain of 5 for 8 passes at a pump power of 400 W was reached. The laser was running for more than 3
months without the need of realignment. Pointing stability studies are also reported here.

7.1. Introduction

A precise determination of proton and alpha particle charge radii can be achieved by laser spectroscopy
of muonic hydrogen and muonic helium, respectively. Muonic hydrogen (up) is an atom formed by a
proton and a negative muon. Similarly, muonic helium is composed of a negative muon and a He nucleus.
The muon is an elementary particle alike the electron but with a 207 times larger mass and a lifetime of
2.2 us. Because of the larger mass, the muon wave function significantly overlaps with the nucleus of the
atom and therefore its energy levels strongly depends on the nuclear charge radius.

From a measurement of the 2S-2P transition in pp the CREMA collaboration has determined the proton
charge radius 20 times more precisely [1, 2] than other determinations based on H spectroscopy and
elastic electron-proton scattering. Yet the value obtained is, very surprisingly, seven standard deviations
away from the world average. This discrepancy that was termed the “proton radius puzzle” has attracted
great attention in atomic, nuclear and particle physics. Many investigations have been triggered [4],
ranging from physics beyond the standard particle model to the proton structure (low energy QCD), to

4 This chapter is a reprint of [54]
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Figure 88: (Left) Scheme of the laser system. The frequency-doubled thin-disk laser is used to pump a frequency-
locked Ti:Sa laser. This Ti:Sa is successively injected into an enhancement cavity to increase fluence [219]. (Right)
Thin-disk laser scheme.

atomic energy levels (bound-state QED) and several experiments have been initiated in the fields of
electron-proton scattering experiment and high-precision laser spectroscopy.

To contribute to a possible solution of the “proton radius puzzle” the CREMA collaboration performed
spectroscopy of uHe*. The principle of the muonic He experiment is to stop muons in helium gas whereby
muonic He is formed and then to measure the 2S-2P energy splitting by means of pulsed laser spectroscopy.
A muon entrance detector provides a trigger signal for the laser system. About 2 us after muonic helium
formation the laser pulse illuminates the muonic atom to drive the 25-2P transition (in resonance). A
scheme of the total laser system is given in Figure 88 (left).

The muon detector triggers the continuously pumped thin-disk laser. Its pulses are frequency doubled
(SHG) and used to pump a Ti:Sa laser, which is seeded by a stabilized continuous-wave Ti:Sa laser whose
pulses are injected into a multi-pass cavity surrounding the helium gas target.

As the 2S-state lifetime is only 2 ps, the laser system needs to have a short delay time between trigger and
pulse delivery. So we have developed a thin-disk laser in an oscillator-amplifier configuration (Figure 88
(Right)) with the following requirements:

o delay between electronic trigger and laser pulse < 500 ns,
e stochastic trigger,

e atleast 100 mJ pulse energy,

e up to 500 Hz repetition rate.

In order to fulfill such a short delay no pulsed pumping scheme can be used. The energy needs to be stored
in the laser crystal prior to trigger. We chose the thin-disk laser technology with Yb:YAG as active material.
This crystal has a long upper state lifetime of about 1 ms and can be pumped with commercially available
high-power diode lasers. The layout of the thin disk provides effective cooling and a small phase distortion
[4]. This choice allows the extraction of pulses with large energies and high beam quality from a cw
pumped active material within short time.
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7.2. Amplifier concept

The basic property of an optical resonator is to reproduce the identical beam shape after one roundtrip.
Our amplifier design is an unwinding of the beam propagation path inside a resonator. The top panel of
Figure 89 is showing a schematic of the beam routing in our multi-pass amplifier. If correct coupling is
achieved, it is equivalent to the resonator shown in the bottom panel. The amplifier thus inherits the
stability properties of the resonator. Our aim was to design an amplifier insensitive to thermal lens effects.
To do this we started with the design of a resonator with the desired beam width and stability.

In Figure 90 (left) the beam size along the resonator is given. The resonator consists of a flat end-mirror,
the thin disk acting as a focusing mirror, a defocusing mirror and a flat end-mirror. The position of the thin
disk within the resonator is represented by a vertical black line. The thin disk splits the resonator in two
branches. A short branch with a plane parallel beam and a long branch including a Galilei telescope. Hence,
the long branch is equivalent to an 11 m long free propagation. It thus provides stable operation for a large
beam size (w = 2.66 mm). The black line represents the mode beam size at the cavity design values, the
red and blue lines represent the beam size for variations of the dioptric power thin disk by £0.02 diopter.

Figure 90 (right) shows the corresponding stability plot for the resonator with design value. The blue line
displays the beam waist at the thin disk and at the end-mirror of the short branch, while the black line
shows the mode size at the end mirror of the long branch. This waist is the smallest inside the cavity,
consequently the most critical for mirror damage.

The beam size at the position of the thin disk and at the short end of the cavity, which is displayed in Figure
90 as a blue line, does not change in first order with variation of thermal lens. A linear cavity containing a
variable lens not as end-mirror always has two stability zones [178, 179]. However, due to the strong
asymmetry of the resonator the second stability zone is at a focal strength of 2 diopters (not visible in the
plot). The stability zone of a symmetric cavity has twice the width; still we chose an asymmetric layout
because of our coupling scheme. The short side of the resonator is insensitive to variations of thermal lens
and because of this; it is suitable for beam coupling.

—
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Figure 89: (Top) Scheme of the beam propagation in the amplifier. (Bottom) Scheme of the corresponding optical
resonator.
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Figure 90: (left) Beam waist along the model resonator. The thin disk, whose position is given by the black vertical
lines, has a curvature of 4 m equivalent to a focal strength of 0.5 diopters. The blue and red lines are the beam
waists for 0.52 and 0.48 diopters, respectively. (right) Stability diagram. The curves are the beam size at the end-

mirrors.

This resonator layout is used to generate an amplifier design with 8 reflections on the thin disk as shown
in Figure 91. The laser amplifier starts with the optical system of resonator layout as in Figure 90 (Left). In
order to realize a complete cavity roundtrip, an inverted version of this resonator is concatenated at the
long branch of the resonator. In this way, a symmetric 2-reflection unit is generated, having a short branch
on both extremities. This design provides convenient beam injection and extraction. In order to realize an
8-reflection design, 4 of these units are concatenated. The waist propagation at the design focal strength
is displayed with a black line, the red and blue propagation represent higher and weaker dioptric power
of the thin disk + 0.02 diopter, respectively.
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Figure 91: Beam propagation in the amplifier resulting from a concatenation of 8 optical segments equivalent to
the resonator given in Figure 90.
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7.3. Comparison to other concepts

Our propagation layout is similar to a regenerative amplifier [220, 221], as the pulse performs a limited
number of roundtrips within the resonator. Within the multi-pass amplifier, each roundtrip has a
dedicated beam path, resulting in a higher damage threshold at the cost of higher complexity of the
propagation (larger number of optical elements). A multi-pass thin-disk amplifier provides amplification of
pulse of arbitrary length (from ms to fs) and particularly, operation in burst mode [222].

Our design strongly differs from the 4f propagation most frequently used [223, 224]. The 4f propagation
is usually used to image the beam at the active medium position from one path to the next one. However,
the active medium (thin disk) produces amplitude and phase distortion of the beam. Due to the imaging
properties of the 4f propagation, these distortions are accumulated 8 times at the same position. Hence,
these deviations are adding up at each pass leading to a strong optical-phase distortion (OPD), and soft-
aperture effects (see Figure 92) [225].

The collimated beam propagation used in several multi-pass designs [222, 226, 227, 228] can be seen as a
special solution for the concatenation of nearly plane-parallel resonator. On the one hand, such
propagation is very sensitive to thermal lens (see Figure 92 (left)) and pointing instabilities, while on the
other hand the propagation has the potential to be very short even for large beam waists.

Waist and OPD of the output beam for different propagation layouts versus variations of the thermal lens
are given in Figure 92, for beam waist of 2.66 mm at the position of the thin disk and 8 passes. The output
beam characteristics of our multi-pass amplifier are insensitive to thermal lens variations over a range of
0.06 diopters, as visible in both plots. The 4f configuration shows a stable but reduced output beam waist
(due to soft aperture), while the phase front curvature changes strongly with the thermal lens. The plane-
parallel design is unstable in terms of both beam waist and OPD.
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Figure 92: (Left) The exit-beam waist of the various amplifier concepts versus variation of the dioptric power of
the thin disk. The dashed line represents the input beam. Our propagation (black), 4f propagation (blue) and the
plane-parallel propagation (green). (Right) The corresponding plot for the phase front curvature.
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The long-branch propagation between two passes at the thin disk acts as a Fourier transform. All higher-
order disturbances are mapped into the beam halo. This halo is cut off on the next pass due to the soft
aperture of the thin disk. The effect leads to an effective beam shaping as it takes place in a stable optical
resonator. An amplifier designed for M? = 1 shows no degradation of beam quality.

The disk laser amplifier built for the measurement of muonic hydrogen [225] used soldered thin disks that
produced higher diffraction artefacts. These effects reduced beam quality already in one pass. However,
due to the beam-forming properties the beam quality stabilized at M? = 1.4. Similar effects are expected
for glued thin disks at higher pumping power.

7.4. Realization of the multi-pass amplifier

The beam routing in the amplifier is realized using an array of mirrors as shown in Figure 93. An 8-reflection
amplifier requires a 16-mirror array. The multi-pass propagation was designed to allow the use of the same
end-mirrors (M1 and M2) for all passes, simplifying the layout. As all array mirrors are flat and only the
radius of curvature and position of M1 and M2 have to be adapted to find the correct layout, cost and
alignment effort are reduced.

9/61016]0
DBOOD®

Figure 93: (Top) Scheme and propagation in the amplifier. (bottom) A front view on the mirror array, the mirrors
Al to A16 are numbered in the order of their use. The crosses mark the points where the axis of symmetry of
mirrors and the thin disk hit the array plane. On the array plane, these points can be seen as point reflectors,
leading to the given propagation. The beam entering the amplifier over the array mirror Al is reflected on the thin
disk to A2, from there over M1 to A3, over the thin disk to A4, over M2 to A5 and so on.
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Figure 94: (left) L-shaped mirror mount compared to commercial solutions Newport 9771 and Thorlabs KSM
mounts that provide similar mirror-to-mirror distance. (right) The mounted mirror array. The shape of the front
plate was optimized for close placement. The interlaced array of L-shaped mirror mounts combines minimal
placing of 31 mm and maximal stability. Figure 104:

In order to minimize the array size and, hence, the incident-angle related astigmatism, and at the same
time maximize alignment stability of the individual mirrors, we developed L-shaped mirror holders (see
Figure 94). The design provides mirror-to-mirror distances similar to commercial 1” compact mount
solutions but it provides an alignment that is more precise and superior stability compared to high
precision mounts. This is the consequence of a longer lever (37.7 mm compared to 42.4 mm), strong
springs (4 x 12 N) and precise adjustment screws (1/4"-100) mounted on a 25 mm thick aluminum plate.

7.5. Measurement of laser operation

The beam quality of the system is excellent: the M? value was measured to be 1.00 (3) for all passes using
a Thorlabs Beam Profiler. An output energy of 145 mJ was observed. To avoid optical damage during the
2 years of data taking, the system was operated at an output energy of about 90 mJ.

Figure 95 shows the amplifier gain as a function of the output energy. Figure 96 gives the output energy
as a function of input energy taken 145 days apart without realignment of the amplifier. The gain of the
amplifier remained basically unchanged over weeks of continuous operation as well as 3 months of
shutdown including the air condition with room temperatures reaching values well above 30°C and several
cooling water shutdowns. The minimal difference of the two plots shows the long-term stability of the
amplifier.
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Figure 95: Amplifier gain versus output energy. The small signal gain is 5.1.
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Figure 96: Output energy of the amplifier as a function of input energy.

7.6. Misalignment sensitivity

In this chapter, we present a theoretical study of misalignment and pointing instabilities for various multi-
pass amplifiers. These results are then compared to measurements. Figure 97 is a misalignment plot,
where the deviation of the beam from the optical axis is shown for a tilt of the in-coupled beam (blue) and
for a tilt of the thin disk (red).
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From the blue-line behavior, it can be inferred that the 2-reflection unit acts as Fourier transform optic.
After 4 of these units the output beam has identical position and pointing to the input beam. A
misalignment of the thin disk or of the end-mirrors compensates itself after 8 passes. Thus, excursion from
the design position will be zero even if the input beam or the thin disk as tilted due to pointing fluctuations.
In addition, the output beam angle after 8 passes is not affected by tilts of the thin disk.
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Figure 97: Misalignment plot. The deviation of the beam from the optical axis is indicated for a tilt of the in-coupled
beam by 0.0025 mrad (blue) and for a tilt of the thin disk by 0.001 mrad (red). The width evolution of the Gaussian
beam along the amplifier path is shown for comparison (black).
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Figure 98: (Left) A pair of 45 ° mirrors used as M2 retro-reflector. M, and M, are the optical matrices describing
the retro-reflection. (middle) Misalignment plot of the plane-parallel propagation used in [228]. Black vertical lines
represent the positions of the thin disk. The thin disk has a misalignment of 0.025 m rad. The red line shows beam
excursion at a plane end-mirror while the blue line represents the beam excursion if a pair of 45 ° mirrors is used.
(right) Three-mirror corner-cube reflector. Using this reflector as M2 would provide stabilization in both directions.
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Figure 99: Misalignment plot of the modified version of our amplifier similar to Figure 97. Here M2 is replaced by
a pair of mirrors as in Figure 98 (left).
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Figure 100: Amplifier gain versus thin disk tilt.

For comparison, we performed a simulation study for the multi-pass amplifier of [228] where an end-
mirror was replaced by a pair of 45° mirrors. This retro-reflection is causing an inversion of angle and
excursion in the yz-plane while the propagation in the xz-plane stays unaffected. This vertical retro-
reflector significantly increases the pointing stability in vertical direction, especially for the nearly plane
parallel setup of Figure 98 (middle). The use of a corner-cube reflector with 3 mirrors applied at an angle
of 54 ° (Figure 98 (right)) would provide the same increase in stability for both directions (vertical and
horizontal).

In order to determine the misalignment stability we conducted measurements at small signal operation.
We used well-defined forces to realize controlled pitch misalignments of the thin disk. Tilts of 5.7 urad / N
have been measured.

As visible from Figure 100, the decrease of gain versus tilting shows a quadratic dependency. The value of
the quadratic term is reproducible for different alignments. The quadratic term of the propagation using
a 45 ° mirror pair is 4 times smaller than the value of our standard design corresponding to a misalignment
sensitivity that is by a factor of two lower, as expected (see Figure 99).
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7.7. Summary

We have developed a multi-pass amplifier with small sensitivity to thermal lens and pointing fluctuations.
This amplifier has been used for months without the need for realignment. The introduction of a retro-
reflector in the multi-pass amplifier reduced the effect of thin disk tilt by a factor of 4.
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8. Multi-pass oscillator layout for
high-energy mode-locked thin-
disk lasers®

A novel optical layout for a multi-pass resonator is presented that paves the way for pulse energy scaling
of mode-locked thin-disk lasers. The multi-pass resonator we are proposing consists of a concatenation of
nearly identical optical segments. Each segment corresponds to a roundtrip in an optically stable cavity
containing an active medium exhibiting soft aperture effects. This scheme is apt for energy and power
scaling because the stability region of this multi-pass resonator, contrarily to the 4f-based schemes, does
not shrink with the number of passes. Simulation of the eigenmode of this multi-segment resonator
requires considering the aperture effects. This has been achieved by implementing effective Gaussian
apertures in the ABCD-matrix formalism as lenses with imaginary focal length. We conclude by proposing
a simple way to double the stability region of the state-of-the-art layouts used in industry achievable by
minimal rearrangement of the optical components used.

8.1. Motivation

Ultra-short laser pulse sources [229, 230] enable a large variety of fundamental physics investigations to
be performed, as well as technological and industrial applications. Many applications in industry and
strong-field physics will tremendously benefit from an increase of the pulse energy into the mJ range at
few -MHz repetition rates [231]. This will provide increased production throughput and provide processing
for materials where non-linear multi-photon absorption is required. Similarly, the high average power will
reduce measurement times and increased signal to noise for high field experiments providing new
scientific possibilities.

Mode-locked thin-disk lasers [98, 232] are widely used in research laboratories and in industry because of
their power scaling and high pulse-energy capabilities [227, 233, 234, 235, 236, 237, 238, 239, 240, 115]
[241, 242]. The output pulse energy E of a mode-locked thin-disk laser can be increased, at a given average
output power Pavg, by reducing the laser repetition rate frep, given the simple relation E = Pavg = frep from
energy conservation. Smaller repetition rates can be achieved simply by increasing the oscillator cavity
length. One successful way to increment the resonator length was found by inserting into the cavity a
Herriott-cell [243, 244]. However, the elevated intra-cavity pulse energy achieved in this way required
operation of the oscillator in an evacuated environment to avoid detrimental non-linear effects in air [244].

5 This chapter is a reprint of [52].
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Figure 101: (a) The graph shows the stability plots for laser layouts with various beam waists on the thin disk in
the center of stability. (b) The graph shows the stability plot for different 4f-based laser designs providing multiple
passes on the thin disk. For both plots, a wavelength of 1030 nm was used. For a given eigenmode size, the stability
plots do not depend on the specific layout of the resonator. Stability plots of multi-pass resonators based on 4f-
imaging stages. Plotted are the cavity eigenmodes (TEM00-mode) width w at the position of the thin disk for
variations of the thermal lens thin disk from the layout value. The shrinking of the stability region with the number
of passes per cavity roundtrip arising in 4f-based multi-pass resonators is demonstrated. We computed these
diagrams using the ABCD-matrix formalism and by embedding the 4f stages at the position of the thin disk in the
stable resonator. A wavelength of 1030 nm was used. For a given eigenmode size, the stability plots do not depend
on the specific layout of the resonator.

The cavity length can be also increased by folding the laser beam on the active medium (thin disk) several
times per roundtrip [234, 245]. The large gain per roundtrip attainable with such an active multi-pass cell
enables large output coupling, which brings along a reduction of the intracavity power. Hence, this scheme
providing a long cavity and decreased intra-cavity intensity is twofold advantageous and is qualified for
industrial applications as it allows operation in air. Another important feature of a multi-pass resonator
scheme is the reduction of Q-switching instabilities due to a linear decrease of the gain saturation fluence
with the number of reflections at the thin disk [246, 247].

The multi-pass active cells realized to date [234, 245] are based on relay 4f imaging: 4f optical segments
are used to image the thin disk from pass to pass so that the beam propagation in the active multi-pass
cell proceeds following the scheme disk-4f-disk-4f-disk-4f . . . . The 4f propagation from the optical point
of view corresponds to a zero effective length propagation and it does not provide stability for
misalignment or variation of the focal strength of the thin disk. Hence, to realize a stable laser operation,
the 4f multi-pass cell has to be embedded in a stable optical resonator [234]. The 4f multi-pass cell with N
number of passes can be described as a single pass having a total optical length of Lmuti-pass = (N — 1)L, a
gain of gmuni-pass = g", and an active medium dioptric power of Viuripass = N V, where L = 4 f represents the
length of a single 4f-imaging stage, g the single-pass gain, and V the dioptric power of the thin disk. Due
to these cumulative effects, the resonator stability zones [178] of an oscillator containing such a multi-
pass 4f-based cell shrink linearly with the number of passes N as shown in Figure 101 for variations of the
disk thermal lens [248]. This shrinking limits energy and power scaling [108]. In summary, the 4f-based
multi-pass oscillators show a limited energy scaling (capitalizing only on the advantages related to the long
cavity length and the reduction of the intracavity circulating intensity) but suffer from the shrinking of the
stability region with the number of passes that reduces the maximally achievable output power. In this
paper, a novel multi-pass resonator scheme is presented which overcomes the thermal-lens-related power
and energy limitations of state-of-the-art multi-pass mode-locked laser oscillators. In Sec. 8.2, our multi-
pass scheme is exposed whose stability regions do not shrink with the number of passes. This opens the
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way for further energy and power scaling. A preliminary proof of principle of this new scheme is given in
Sec. 8.3 while in Sec. 8.4 a design merging the to-date 4f-based industrial scheme with our scheme is
presented.

8.2. New multi-pass resonator design

The multi-pass resonator we are proposing is based on a concatenation of identical (or nearly identical)
segments. Each segment corresponds to a roundtrip in an optically stable resonator containing one pass
(or more) on the same active medium, which exhibits soft-aperture effects.

Since the multi-pass oscillator is inheriting the eigenmode properties of the underlying segment, we design
this segment to be stable and insensitive to thermal lens variations. An example of a stable resonator
whose roundtrip propagation gives rise to a segment is shown in Figure 102. It is formed by a plane end-
mirror M2, a thin disk acting as concave mirror, a convex mirror (Vex) and a flat end-mirror M1. The
eigenmode width w evolution along this cavity is shown in Figure 103 (a). This cavity is widely used [178]
because it provides an out-coupling mirror M2 with out-coupled beam waist (and divergence) insensitive
to variations of the thermal lens of the thin disk as demonstrated by the blue continuous curve in Figure
103 (b) representing the eigenmode waist at the mirror M2 position for variations of the thermal lens of
the thin disk. For comparison the beam waist at the other end-mirror M1 that features a larger
dependency on the thermal lens variation is given as well (green dashed curve). This resonator layout is
extensively used also because it allows for simple adjustments of the mode properties: the distance
between thin disk and the convex mirror can be adapted to shift the stability region of the cavity, while
the beam waist in the center of the stability region can be adjusted by adapting the distance between the
M1 and the convex mirrors.

As already mentioned, the multi-pass resonator according to our scheme is obtained by concatenating
multiple times the same optically stable segment: each segment corresponding to roundtrip propagation
in a stable cavity. An example of such a concatenation is shown in Figure 104 where 8 segments based on
the cavity shown in Figure 102 allow 16 reflections at the thin disk per roundtrip. The stability regions of
this multi-pass resonator coincide with the stability regions of a single segment (given in Figure 103 (a))
provided all segments are identical. However, small differences between segments are unavoidable when
practically realizing a multi-segment oscillator because of small variations of propagation lengths, incident
angles and mirror curvatures.

Thin-disk

R=4m L =700 mm

telescope L = 1500 mm Nt

L =500 mm R=-15m

M2

Figure 102: Standard thin-disk laser resonator layout given by a flat end-mirror M1, a convex mirror, a concave
thin disk (red) and a flat end-mirror M2.
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Figure 103: The classic stable cavity our oscillator and amplifier are based on. In a cavity roundtrip, the beam is
reflected on the thin disk two times. In the scheme we want to introduce, this cavity is described as a single
segment two-reflection cavity.
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Figure 104: The 8-segment 16-reflection cavity based on the cavity given above. A laser design that was realized
by introducing end-mirrors to our amplifier.

consideration of these segment-to-segment asymmetries is essential for the understanding of the new
multi-pass resonator concept proposed here. In fact, the thin-disk laser community has discarded this
design because apparently these asymmetries prompt the formation of gaps in the stability region. The
gap size depends on the extent of the segment-to-segment asymmetry. The formation of these gaps as a
consequence of small segment-to-segment differences is exemplified in Figure 105 for the particularly
simple case that the multi-pass resonator is composed of only two segments. In the two-segment case,
the gap arises in the center of the stability region. Similarly, for a multi-pass oscillator with several
segments and various segment-to-segment deviations, a multitude of disruptions would apparently
fragment and reduce the original stability region (of the single segment). It thus seems that the segment-
to-segment asymmetries would undermine the usefulness of this scheme.
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Figure 105: (a) Optical layout and eigenmode waist w of a two-segment resonator with 4 reflections at the thin
disk per roundtrip. (b) Corresponding stability plot. Plotted is the eigenmode waist w at the two end-mirror
positions M2 for variations of the thermal lens of the thin disk from the layout value. A small asymmetry has been
introduced (d; # d,) between the two segments which induces a discontinuity at the center of the stability region
(cf. with Figure 103(b)).

The stability plots shown in Figure 101 - 114 have been computed using the ABCD-matrix formalism. This
formalism is a powerful instrument to compute eigenmode and stability regions of resonators. However,
as already noted in [249], it is mostly used for computing bare resonators neglecting the effect of the
transversely varying gain in the active material. Aperture effects which naturally occur in a pumped active
medium mainly due to gain (absorption) in the pumped (unpumped) regions and related diffraction
(mainly outside the pumped spot) may significantly affect the eigenmode and stability properties of the
resonator [250]. These effects can be described approximately by a Gaussian aperture at the active
medium and included into the ABCD-matrix formalism as imaginary lens [177, 170, 251, 252]. The ABCD-
matrix describing the thin disk can be thus written as

———i
f aw?

where W represents the effective waist of the Gaussian aperture, | the laser wavelength and f the focal

length of the thin disk that also includes thermal lens effects.

1 0
Mthin—disk:[ 1 A 1] (126)

Standard resonator designs do not include soft aperture effects because for a single-segment resonator
(see Figure 106 (a)), the inclusion of aperture effects does not considerably alter the computed value of
the eigenmode size for thermal lens variations of the thin disk within the “original” (computed without
considering the soft aperture effect) stability region (see Figure 106 (b)). For dioptric power outside the
“original” stability range, the inclusion of aperture effects results in eigenmodes with finite waist that
implies an extension of the stability region [249, 253]. Therefore, the inclusion of aperture effects shows
that in principle laser operation may occur also outside the “original” stability region. Yet this extension
has no practical relevance because outside the “original” stability range the roundtrip losses caused by the
aperture are increasing dramatically as demonstrated in Figure 106 (c) and [249, 254].
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Figure 106: Influence of a Gaussian aperture at the active medium on the properties of single-segment (top row)
and multi-segment (bottom row) resonators. (a) Optical layout and eigenmode waist w evolution of a single-
segment resonator. The black curve has been computed without aperture effects. The two red curves represent
the back (dotted) and forth (continuous) propagation when aperture effects are included. (b) Corresponding
stability plot. Plotted is the waist at the left end-mirror position for variations of the thermal lens of the thin disk
without aperture effects (black) and for two aperture waists W (green and red). (c) Average (over a roundtrip)
transmission of the eigenmode through the Gaussian aperture for variations of the thermal lens. For an infinite
sized aperture, the transmission (defined only within the stability region) is 100%. (d) Similar to (a) but for a two-
segment resonator. (e) Similar to (b) but for a two-segment resonator where a small asymmetry between the two
segments has been introduced. The aperture effects damp the instability and close the gap in the stability region.
(f) Similar to (c) for the two-segment resonator with the above-specified small asymmetry. The increase of losses
at the original gap position is minimal. All the curves have been computed using the ABCD-matrix formalism
allowing for lenses with complex values.

Contrarily, aperture effects need to be included in the simulations of multi-segment resonators (e.g. Figure
106 (d)) having small segment-to-segment deviations. Simulating multi-segment resonators with small
segment-to-segment deviations without accounting for soft aperture effects produces wrong results
because it predicts the formation of gaps within the stability region that does not occur in reality. The
inclusion of these soft apertures in the simulations suppresses these gaps as shown in Figure 106 (e) for
the particular case of a two-segment resonator and leaves small residual fluctuations of the eigenmode
waist. Hence, it is essential to compute the stability properties of the multi-pass resonator including soft
aperture effects. However, it is important to stress that the general behavior of the stability regions does
not critically depend on the exact value of the assumed aperture waist W as can be deduced by comparing
the green with the red curves of Figure 106 (e).

In addition, the aperture-related losses per pass (averaged over a roundtrip) confirm that when including
soft-aperture effects the multi-segment resonator with small asymmetries behaves similarly to the single-
segment resonator. The residual waist fluctuations arising from the suppression of the gap give rise to a



Chapter 8: Multi-pass oscillator layout for high-energy mode-locked thin-disk lasers

negligible increase of losses per pass compared with the single-segment case as visible by comparing
Figure 106 (f) with Figure 106 (c).
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Figure 107: (a) Stability properties of three multi-pass resonator designs having same eigenmode waist w, 16
reflections (per roundtrip) at the active medium and a gain medium with a Gaussian aperture of W =20 mm. The
black dotted curve (1 segment containing two passes) represents the stability plot of the single-segment resonator
of Figure 103(a). It serves as reference. The green curve (8 segments, each containing 2 passes) represents our
design as a succession of nearly identical segments as given in Figure 104. The fluctuations arise from a small
segment-to-segment asymmetry: the distance of disk to convex mirror in the first segment has been assumed to
be 1518 mm i.e., 20 mm longer than in the other segments. Besides these fluctuations, the stability plot of the
multi-segment resonator is identical to the stability plot of the single-segment resonator. The red curve (1 segment
containing 16 passes) represents the stability plot for a 4f-based multi-pass resonator. Its stability region is 8 times
smaller than the reference because it shrinks with the number of passes. The blue curve (2 segments, each
containing 8 passes) represents a merged resonator concept (see Sec. 8.4) having two segments containing 4f-
imaging stages. (b) Corresponding average (over a roundtrip) transmission through the Gaussian aperture at the
thin disk for variations of the thermal lens of the thin disk.

(b)

2%8 Mirror array

Figure 108 (a): Possible realization of a multi-pass oscillator with 16 reflections at the thin disk per roundtrip
achieved by concatenating 8 identical segments. The beam routing requires a mirror array of 16 flat mirrors that
can be adjusted individually. The two end-mirrors M2a and M2b could be used as out-coupler and as SESAM. (b)
Mirror-array working principle. The beam routing at the mirror-array plane follows the given numbering and is
achieved by successive reflections at the thin disk, mirror M1 and mirror(s) M2. The projection of these elements
are indicated.
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This behavior can be generalized to many segments: the stability region, mode waist and losses per pass
(averaged over a roundtrip) for the 8-segment multi-pass resonator of Figure 104 with small segment-to-
segment deviations turn out to be practically identical with the stability region, the mode waist and losses
per pass of the underlying segment as demonstrated in Figure 107 (compare green solid with dashed black
curves). The same figure for comparison also shows the smaller stability range featured by the multi-pass
resonator based on 4f-imaging stages having the same number of passes and beam size at the active
medium.

In summary, the soft aperture effects occurring naturally in the pumped active medium grant the
realization of a multi-pass oscillator as a concatenation of several nearly identical optical segments. When
considering aperture effects, the stability region and losses per pass of our multi-segment resonator are
virtually identical to the stability region of the single-segment resonator. Therefore, contrarily to the 4f-
based multi-pass resonator, the stability region of our multi-pass resonator does not shrink with the
number of passes.

8.3. Proof of principle

For a proof of principle, we transformed the multi-pass amplifier [54, 117] that we developed for
spectroscopy of muonic atoms [1, 2] into a multi-pass oscillator by adding two end-mirrors. This design
schematically depicted in Figure 108 fulfills our requirements of sufficiently small segment-to-segment
variations as it uses the same thin disk and the same convex mirror in all segments. Moreover, the mirror
array that is used to fold the beam providing several passes on the same thin disk also guarantees similar
path lengths and small incident angles.

The beam routing in this multi-pass oscillator obeys the following scheme. Starting from the out-coupler
M2a the beam is reflected at the array-mirror 1 towards the thin disk. From here, it proceeds towards the
array-mirror 2 and the convex mirror until it reaches M1. From M1 the beam travels back to the array at
array-mirror 3, then to the thin disk and the array-mirror 4 until it reaches mirror M2. This scheme is
iterated until the beam passes the array-mirror 16 and is back-reflected at the second end-mirror M2b.
From here the beam propagates the same path backwards until it reaches again mirror M2a closing the
roundtrip. The beam routing at the mirror-array position given by the numbering as shown in Figure 108
(b) can thus be understood as alternating point reflections at the thin disk, M1 and M2 mirror projections.
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Figure 109: Input-output characteristics of the multi-pass resonator based on our design with 16 reflections per
roundtrip. The measurements have been accomplished in a cw operation for a thin disk with a Yb:YAG crystal with
a thickness of 345 um, a 940 nm pump wavelength and an out-coupling mirror reflectivity of 50%. The inset shows
the measured output beam.

The multi-pass oscillator (with 16 reflections at the thin disk per roundtrip) whose underlying segment
specifications are given in Figure 102 has been tested in cw mode using a flat out-coupler with 50%
transmission. As an active medium, a thin disk with a thickness of 345 mm made from Yb:YAG with 5%
nominal doping concentration contacted by TRUMPF to a water-cooled CVD-diamond heat sink having a
4 m radius of curvature has been used. Even though the choice of the parameters of the thin disk was
optimized for low repetition rate Q-switched operation, encouraging output powers and slope efficiency
(40 % in TEMOO mode operation) have been observed as shown in Figure 109. This represents the first
preliminary demonstration of the applicability of our multi-pass oscillator concept, in particular showing
that the soft aperture effects naturally present in the pumped active medium are sufficient to suppress
the instabilities related to the various segment-to-segment asymmetries associated with the practical
realization of a multi-pass scheme.

8.4. A simple way to improve the multi-pass resonator
based on 4f imaging

The multi-pass oscillators based on 4f-imaging stages show enhanced sensitivity to thermal lens effects as
illustrated by the shrinking of the stability region with the number of passes in Figure 101. However, a
major advantage of the 4f scheme is that a sequence of several 4f-imaging stages can be realized using
only few optical elements as shown in Figure 110 (a) whose working principle is detailed in [53, 255, 256].
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Figure 110: (a) Multi-pass oscillator based on 4f-imaging stages. Multiple 4f-imaging stages can be implemented
using the same optical elements that simplifies the mechanical realization and decreases the production costs.
TFP: thin-film polarizer. (c) Corresponding eigenmode waist evolution. Due to soft aperture effects the back
(dotted line) and forth (continuous line) propagations have different waists. The vertical red lines represent the
position of the thin disk. (b) Schematic of the merged concept with two segments, each containing half the number
of reflections on the thin disk as in (a). (d) Corresponding eigenmode waist evolution.

On the other hand, our multi-pass oscillator concept has a superior stability for variations of the thermal
lens, but it requires an array of mirrors resulting in increased mechanical complexity.

In Figure 110 (b), we present an optical layout that results from merging the two concepts. It consists of a
concatenation of two optically stable segments (according to our scheme) each containing a multi-pass
sequence based on 4f-imaging stages. As this merging can be achieved by a simple rearrangement of the
optics used in the 4f-based system, it inherits a similar beam waist evolution (see Figure 110 (b) and (d))
and its simplicity, qualifying this scheme for industrial applications. At the same time, this merged layout
shows improved stability because the stability region of our concept does not shrink with the number of
segments. The resulting stability region of this merged scheme (two segments, each containing N = 2 4f-
propagations) is by a factor of two larger compared to the standard 4f-schemes (one segment with N 4f-
propagations) as visible from the comparison of the blue and red curves in Figure 107, provided both multi-
pass resonators have the same number of passes. Thus, with a simple rearrangement of the beam-path
structure of the standard 4f design (but using the same optical elements) a by a factor of two larger stability
region can be obtained opening the way to higher pump power density, beam waists and number of passes.

8.5. Conclusions

We have presented a multi-pass resonator scheme as a sequence of nearly identical optically stable
segments, each segment containing the same active medium featuring soft-aperture effects. The stability
region of such a multi-segment resonator does not decrease with the number of segments. Therefore, this
concept solves the limitations of state-of-the-art multi-pass resonators based on 4f-imaging stages that
feature a shrinking of the stability region with the number of passes on the active medium.
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We have demonstrated that it is essential to include the soft aperture effects occurring in the active
medium in the simulations. They suppress the formation of gaps within the stability region that would
arise as a consequence of small segment-to-segment asymmetries associated with the practical realization
of a multi-pass system. This has been achieved by implementing effective Gaussian apertures in the ABCD-
matrix formalism as lenses with imaginary focal length.

The multi-pass resonator concept presented here requires small segment-to-segment asymmetries
achievable using the same active medium in all passes. Larger segment-to-segment deviations would cause
increased losses (decreased transmission through the aperture) which strongly reduce laser efficiency or
even disrupt laser operation.

This multi-pass resonator layout is particularly suited for ultrafast lasers where the mode-locking
mechanism is based on SESAM technologies [12]. The SESAM could be placed at the position of one of the
resonator end-mirrors (e.g. mirror M2b in Figure 108) as at this position there is minimal intracavity
intensity and the SESAM mirror would be intersected only once per roundtrip. This scheme having several
passes on the active medium and large cavity lengths paves the way for energy and power scaling of mode-
locked lasers expanding greatly the range of applications for ultrashort pulses delivered directly by a laser
oscillator.
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9. Thin-disk laser scaling limit due
to thermal-lens induced
misalignment instability®

We present a fundamental obstacle in power scaling of thin-disk lasers related with self-driven growth of
misalighment due to thermal-lens effects. This self-driven growth arises from the changes of the optical
phase difference at the disk caused by the excursion of the laser eigenmode from the optical axis. We
found a criterion based on a simplified model of this phenomenon that can be applied to design laser
resonators insensitive to this effect. Moreover, we propose several resonator architectures that are not
affected by this effect.

9.1. Motivation

Thin-disk lasers (TDL) are well known for their power scalability that relates to the active medium geometry
and its cooling technique [98, 99, 100]. The laser crystal is shaped as a thin disk with a diameter of typically
several mm (depending on the output power/energy) and a thickness of 100 pm to 400 um, depending on
the laser active material, the doping concentration, the operation mode and the pump design. The
backside of the disk is coated with dielectric layers acting as high reflector (HR) for the laser and the pump
light, and it is contacted to a water-cooled heat sink [257] as shown in Figure 111.

Pump

AR
Disk—— N HR

Heat

= [T

Mount
Cooling

water

Figure 111: Scheme of the assembly of thin disk and heat sink (not to scale). The disk is thermally coupled to a
water-cooled heat sink. Cooling and temperature gradients occur along the disk axis that corresponds to the laser
axis. The back and the front sides of the disk are coated with a high reflective (HR) and an anti-reflex (AR) layer,
respectively for both pump and laser wavelengths.

6 This chapter is a reprint of [51].
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As cooling occurs along the symmetry axis of the thin disk and pumping in quasi-end-pumped configuration,
the heat flow in the thin disk points along the disk axis which is also the laser axis [98, 162]. The
temperature gradients inside the laser crystal are thus mainly parallel to the laser beam axis while in radial
direction the temperature within the homogeneously pumped central area is nearly uniform. Thermal lens
effects are thus strongly suppressed in TDL because of the efficient cooling (large surface to volume ratio)
and the small temperature gradients in radial direction. Another consequence of the geometry of disk and
heat sink is that the temperature in the pumped region and therefore the thermal lens depend only on
the pump power density (assuming pump diameters larger than few times the disk thickness). This is one
of the fundamental properties underlying the power scalability of TDL. However, power (energy) scaling
calls for an increase of the beam waist resulting in an increased sensitivity to the residual thermal lens
effects that eventually limits the achievable scaling [117, 102, 235, 236, 238, 248, 115]. When designing
high-power (energy) lasers therefore it is essential to consider the stability properties of the resonator for
variations of the disk thermal lens [102, 145]. These are usually represented in the form of so called
“stability plots” [178] where the eigenmode size at an optical element in the resonator is plotted for
variations of the disk dioptric power V.

The thermal-lens effect at the disk can be described using the position-dependent optical phase difference
OPD(x,y) experienced by the laser beam when reflecting on the disk. The outgoing (after reflection) laser
field amplitude E,,: is given by

2T
Epue(%,y) = E;n(x,y) g(x,y) e~ OPPCY) (127)
where Ej, is the in-going (before reflection) laser field amplitude, g(x,y) the space-resolved gain and A the

laser wavelength. A mathematically rigorous representation of the OPD can be accomplished using Zernike
polynomials [258]. Simplifying, here we represent the one-dimensional OPD as a Taylor series

OPD(x) = a + bx + cx? + - (128)

Standard resonator designs implicitly assume an OPD of the form OPD = cx?, so that the disk can be
described by a lens with a focal length of f=1/(2 c). The linear term bx is normally ignored because it
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Figure 112: (a) Scheme (not to scale) of the bending of the assembly of thin disk and heat sink due to the axial
temperature gradient. The “step-like” profile in laser direction is induced by the thermal expansion related to the
warmer temperature within the pumped region compared with the unpumped region. (b) The dots represent the
optical phase difference (OPD) at the disk computed with FEM methods for the parameters as detailed in the
Appendix. Only the OPD caused by the pump process (fluorescence operation) is included here. The red curve is a
parabolic function fitted to the data in the central region x € [-3;3] mm. The solid blue line gives the residual
between the fit and the points.
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simply describes the tilt of a flat optical component that is implicitly accounted for in the alignment process
of the laser resonator. Similarly, the constant term a produces a global phase shift which corresponds to a
change of the effective length of the resonator. The dots represent higher-order contributions that have
been widely discussed in the literature [117, 235, 101] as they cause beam distortion and increased losses.

In this paper, we consider in more detail the interplay between the laser beam position at the active
medium and the linear term bx. As detailed later, a laser beam impinging on the disk with a given deviation
(excursion) from the disk-pumped-area axis induces a linear term bx in the OPD, i.e., a tilt of the disk. This
tilt causes a resonator response that further modifies the position of the laser eigenmode at the disk. For
certain resonator layouts a positive feedback between tilt and laser beam position may exist which leads
to a continuous growth of the eigenmode excursion at the disk resulting in a disruption of the laser
operation. For other resonator configurations, this interplay only leads to a finite increase of the initial
excursion implying a reduced misalignment stability. A parameter will be defined to easily identify
resonator designs unstable with respect to this effect, whose importance increases with the laser power.

9.2. Thermal lens at the disk

The rear side of the disk being at lower temperature expands (in radial direction) less than the front side
causing a bending of the assembly of thin disk and heat sink as shown in Figure 112(a). We simulated OPD
using finite element methods (FEM) to account for the bending of the dielectric mirror (HR) at the backside
of the disk caused by thisinhomogeneous radial expansion. These simulations also account for the thermal
expansion of the disk in the laser direction and the variation of the disk refractive index versus temperature
dn /dT.

A typical OPD simulation that includes all these effects computed using FEM as detailed in the Appendix is
given in Figure 112(b). Within the homogeneously pumped area, the OPD can be well approximated by a
parabolic profile, while at the periphery of the pumped region the OPD shows a deviation from the
guadratic behavior that is responsible for the excitation of higher-order beam components.

The OPD of Figure 112 (b) considers pump effects but neglects thermal changes related to the laser
operation. Indeed, laser operation reduces the heat deposition in the active material as it increases the
radiative deexcitation of the upper laser levels at the expense of non-radiative processes [146, 147]. Other
mechanisms as a change of the effective quantum defect between laser and fluorescence operation also
contribute to this effect. The model we will display in the following sections uses the effective change of
the thermal lens caused by the laser operation independently of its origin.

Figure 3 (a) shows the same FEM calculation as displayed in Figure 112(b) but now also taking into account
the reduction of the thermal load by a factor of two [146, 147, 148] due to laser operation. In this FEM
computation the laser beam (resonator eigenmode), the disk and the pumped area have a common axis.
Within the laser eigenmode (which is smaller than the pumped area), the OPD shows a quadratic behavior.
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Figure 113: (a) The black points represent the one-dimensional optical phase difference (OPD) for a beam
reflection at the disk computed with FEM methods as detailed in the Appendix. The pump and the laser beam
share the same axis. The red curve is a parabolic function fitted to the FEM results in the central region
X € [-3;3] mm. This curve is used as a reference in the following panels. The blue line represents the difference
between the fitted parabola and the simulated points. (b) Similar to (a) but in this case the laser beam impinges
on the disk with an excursion of X4 =1 mm from the disk—-pumped-area axis. The red curve is taken from (a). (c)
Similar to (b) with a beam excursion of X; =2 mm. (d) The crosses represent the angular tilt of the laser beam after
a reflection at the disk caused by the change of the thermal lens due to the mode excursion Xy computed with
FEM methods. The continuous line shows for comparison the prediction based on Eq. (137) with VLB obtained
using the same FEM calculation.

Hence, in this region the disk acts as a lens whose focal strength is smaller than in Figure 112(b) as expected
from the decrease of heat deposition in the laser mode. The more complex structure at the periphery is
related to the superposition of the effect associated with the pump and the laser mode that have been
assumed to have different diameters.

The black points of Figure 113 (b) show the OPD computed with FEM when a laser beam (laser eigenmode)
impinges on the disk 1 mm off-axis (in x-direction) relative to the disk-pumped-area axis. By subtracting
from these points the quadratic function fitted to the OPD where the laser beam and the pump spot are
aligned (red curve in panel (a)) a residual (blue continuous line) is obtained whose central region shows a
linear behavior. This linear behavior can be interpreted as a tilt of the disk. Therefore the FEM simulation
indicates that a small excursion of the laser mode from the disk-pumped-area axis induces in leading order
only a tilt of the disk, while the quadratic part (focal strength) remains unchanged. This tilt grows with
increasing laser eigenmode excursion from the disk—-pumped-area axis as is visible by comparing Figure
113(b) with (c) and as is summarized in (d).

In the following, we use a simplified model to show that an off-axis laser beam at the active medium
induces a change of the OPD that can be well approximated by a linear function with slope different from
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zero. The FEM simulations have shown that the OPD caused by the pump beam alone (fluorescence
operation, see Figure 112 (b)) and by the pump beam combined with the lasing processes (see Figure
113 (a)) in the vicinity of the disk axis can be well approximated by parabolic profiles. Thus, we assume
these OPDs to be of the form

V
puzmp x? (fluerescence operation) (129)

OPDypymp(X) = Apymp +

(130)

Viot
2
where X is the variable describing the position relative to the optical axis, Vpoump and Viotar are the focal
strengths of the parabolic profiles, and Apump, Ator cOnstants describing a global (position independent)
phase shift. The difference between these two OPDs is used to define the OPD arising from the laser beam
(LB) only

OPDENXS (x) = Apor + x? (laser operation),

OPD;3(x) = OPDZN™ S (x) — OPDypymyy (%) (131)

Viot = Voump 2 (132)
—_—x

2
For TDL the thermal lens is usually defocusing because it is dominated by the bending of the disk as shown
in Figure 112(a) so that the disk acts as a convex mirror. Consequently, for TDL the focal strength associated
with the laser beam only Vs = Viot - Voump is positive (focusing)’.

OPDLB(X) = (Atot - Apump) +

As a next step, we consider the OPD resulting from the pump process and a laser beam impinging off-axis
on the active medium:

OPDFF™S (x) = OPDpyymyp (x) + OPDyp(x — Xg) (133)

(134)

Vpump

2

where Xy is the excursion of the laser beam from the optical axis. A misalignment of the laser beam by Xy

%
= Agor + x? + %(x — Xa)?

from the disk-pumped-area axis thus gives rise to an OPD variation given by

A(OPD)(x) = OPDZN*is(x) — OPDIEF¥s (x) (135)
v, v,

The last term in Eq. (136) is a position-independent contribution that describes an overall phase shift that
can be neglected in our treatment. The first term being linear in x represents the angular tilt a4 suffered
by a laser beam after reflection at the disk

aqg =Vip Xaq (137)

Therefore, the simplified model predicts that a beam excursion Xy at the active medium induces a tilt of
aq/ 2 of the active medium proportional to the beam excursion. As well visible in Figure 113(d) for small

7 For rod lasers the thermal lens is usually focusing because the refractive index change versus temperature is positive (dn/dT > 0). Hence, the
reduced heat load due to laser operation leads to a negative (defocusing) Vis.
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excursions (Xg = 1 mm) there is a good agreement between the tilt calculated using only the FEM and the
tilt based on Eq. (137) with VLB also from the same FEM. For larger excursion, this agreement decreases.

Equation (137) represents the steady-state tilt of the disk caused by a fixed beam excursion. It also implies
that a change of the beam excursion causes a change of the disk tilt. However, the adjustment of the disk
tilt to the new beam excursion is not instantaneous but occurs with a time constant t given by the
thermalization of the assembly of thin disk and heat sink. For example the variation of the temperature
distribution for the assembly of thin disk and heat sink presented in the Appendix has been computed to
have a time constant of t =5 ms. Due to the linearity of Eq. (137) we can model the time variation of the
disk tilt as®
day (138)

TT = VLB Xd(t) —Qag.

9.3. Resonator reaction for end-mirror misalignment

A geometrical ray propagating in an optical system can be described by its position X.(z) and its angle 6,(z)
with respect to the optical axis (z-axis) [20]. For an ideally aligned optical system the beam propagates
along the optical axis of the system so that X,(z) = 0 and 6,(z) = 0 are fulfilled everywhere. The ABCD-matrix
formalism can be used to compute the beam propagation along the optical system if the initial beam
position and angle are known. In a resonator, the eigenmode has to reproduce itself after a roundtrip with
regard to its position, angle, waist and phase front curvature.

Starting from an ideally aligned laser resonator where the laser eigenmode is on-axis everywhere, we
introduce a small misalignment of the first end-mirror by an angle a,/2. To have laser operation, the
eigenmode position X; and the angle 6, at the first end-mirror must fulfill following equation

[Xr] _ [D B][A B] [ X ] (139)
0, ¢ Allc D116, + a,

where the second ABCD matrix describes the beam propagation from the first (tilted) end-mirror to the
second end-mirror, and the first ABCD matrix the back-propagation from the second end-mirror to the
first end-mirror. Note that the effective focal strength (thermal and non-thermal) of the disk is included in
the two matrices. Using the condition that the determinant of each ABCD matrix is equal to one, the

solution of these equations reads

8 Here we implicitly assumed that there is only a single thermalization time t, i.e. that t does not depend on the (x, y) position because the heat
flow in the active material occurs in axial (z) direction. Diamond as substrate material shows also a radial heat flow given its large thermal
conductivity (see Table 8). However, this high thermal conductivity and the low thermal expansion lead to a thermal-lens effect order of magnitude
smaller than the one generated by the active material. Therefore, for a good approximation, only the heat flow in the laser crystal has to be
considered which is along the z-axis due to the moderate thermal conductivity of the active material and its small thickness. For diamond
substrates, the above assumption is thus justified. A metallic heat sink has a significantly lower thermal conductivity compared to diamond leading
to a negligible heat flow in x and y directions (assuming large pump spots). Hence, the assumption of a single thermalization time t is also fulfilled
for metallic heat sinks.
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__ﬁg (140)
T 2¢C
a
grz_?r (141)

Because the resonator reaction time (10 ns time scale) is much shorter than the thermal lens adaptation
time (ms time scale) we can assume that

_ a.(OD (142)
holds for any time t.

Equation (142) describes the time-dependent beam excursion at the resonator end-mirror that results as
a consequence of the resonator response to a misalignment of the same end-mirror by an angle a,/2. This
equation will be used in Sec. 9.4 to model the stability of a resonator having the disk as an end-mirror. For
a disk used as bending mirror (for V-shaped resonators), an equation analogous to Eq. (142) has to be
derived. This is accomplished in Sec. 9.5 and applied to resonator stability studies in Sec. 9.6.

9.4. Resonator stability for disk as end-mirror

We have seen previously that an excursion of the eigenmode at the disk position causes a change of the
disk tilt (thermal lens effect), and that a tilt of the disk causes an excursion of the eigenmode at the disk
position (resonator reaction). Until now, we neglected the interplay of these two effects. Their coupling
causes a feedback loop that calls for a more detailed investigation.

X/ Xo
it

0 T T
0 1 2 3 4
t/t

Figure 114: Time evolution of the eigenmode excursion from the disk—-pumped-area axis caused by the interplay
between resonator reaction and change of the thermal lens due to misalignments. An initial excursion X, can be
either reduced or amplified to a finite or infinite value depending on the value of the G parameter.
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Coupling of these two effects is realized by identifying
X=X;=X,— Xy (143)

a=ag =a,. (144)

Here we have assumed an initial eigenmode excursion Xy at the disk position. The magnitude of this
excursion is unimportant for the understanding of the effect we are modeling in this study as will become
clear later (see Eq. (147)). It must simply have a non-vanishing value: X, # 0. Note that this condition is
always valid in practice because of the imperfection (misalignment between pump and laser mode)
intrinsic in the alignment of the resonator.

By combining Eqgs. (138), (142), (143) and (144) and assuming dXy/dt = O (static or slowly varying initial
misalighment) we obtain

ax(t
0 ox o) - x @ - x4), (145)
where we have defined the parameter G as
o VD (146)
2 C’
The solution of Eq. (146) reads:
( 61,
oAt )
——F for
X ={"" 6-1 . (147)

t
X0<1+—> for G =1
T
The time behavior X(t) for various values of G is plotted in Figure 114. For G < 0 the initial excursion is
reduced with time, for G = 0 it remains constant, and for G > 0 it is amplified. Furthermore, for G < 1 the
initial excursion is amplified but saturates with time to a finite value, while for G > 1 the initial excursion
increases continuously, X(t—>o0) =>eo,

The rate of change of the excursion dX(t) / dt depends on G, X, and t. Yet the fate of the excursion at large
times X(t->o), i.e. whether it remains constant, damped or amplified only depends on the parameter G.

We close this section by listing the various assumptions and limits underlying the analytical solution of the
time evolution of the eigenmode excursion given in Eq. (147). A linear dependence between excursion and
tilt has been assumed which is only valid for small excursions (X £ 1 mm) as demonstrated in Figure 113 (d).
We also assume a space-independent time constant t. Deviation from this behavior impacts in a minor
way our model, as T does not affect the fate of the beam excursion.

In this model, we neglect the decrease of the circulating laser intensity caused by a misalignment. On the
one hand, this intensity decrease reduces Vs and the tilt of the disk, on the other hand, the ratio D / Cthat
depends on the thermal lens increases making this resonator more unstable.

In principle, our model could be extended to include all these effects and the soft-aperture effects
naturally occurring in the pumped medium [52, 170]. This would lead to a very complex interplay obscuring
the principle of the mechanism we are disclosing in this study and whose precise modeling goes beyond
the scope of this paper. However, our simplified analytical model captures correctly the onset of this
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Figure 115: V-shaped resonator architecture consisting of a flat end-mirror, a free propagation of length L;, a disk
with 0.5 dioptric power (in unpumped conditions), a free propagation of length L,, a convex lens (mirror) with focal
length f.ex, a free propagation of length Lz, and a flat end-mirror. The eigenmode waist w along the resonator for
a particular set of values is also given to clarify the layout.

misalignment instability that causes a dramatic decrease of the laser performance (efficiency and stability).
Thus, its predictive power for designing resonator remains unaffected.

9.5. Stability of V-shaped resonators

In this section, we investigate the stability properties of V-shaped resonators (widely used in the TDL sector
[99, 116, 117, 259, 260]) with respect to the thermal-induced misalignment effect disclosed in this paper.
More specifically, we model here the eigenmode excursion at the disk for a resonator where the disk is a
folding mirror (not an end-mirror).

The roundtrip propagation in this resonator can be divided into two branches (right and left of the disk):
from the tilted disk to the second end-mirror and back to the disk

[X’r] _ [Dr BR] [AR BR] [ X, ] (148)
H’r h CR AR CR DR 97« + a,
and from the tilted disk to the first end-mirror and back to the disk
[X] D, ] Ap BLH X', ] (149)
Cy C, D er +a,l’

The ABCD matrices describe the left (L) and the right (R) branches of the optical system similar to Eq. (139).
The effective focal strength of the disk is included in the ABCD matrices: it can be included without loss of
generality either in the left or in the right branches or even divided between the two branches. X.and 6, +a
represent the excursion and the angle for the beam leaving the tilted disk towards the second (right) end-
mirror. We assume the disk to be tilted by an angle a, /2. X’, and 8’, are the excursion and angle of the
beam returning to the disk (prior to reflection on the disk) after reflection on the second end-mirror, i.e.,
after a propagation in the right branch. The beam leaving the disk toward the first (left) end-mirror after
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a reflection on the disk thus has an excursion and angle of X’; and 6’, + a,, respectively. When it returns
back at the disk after a propagation in the left branch it has an excursion X, and an angle 6.

The eigenmode excursion at the disk position caused by a tilt of the disk by an angle a, / 2 can be found by
solving these two coupled equations and reads

A Dg (150)

X, =—a,—————.
T "A,Cr + C.Dg

Following a similar argumentation as exposed in Sec. 9.4 we find that the time evolution of the excursion
X(t) at the disk follows Eq. (150) but with the parameter G defined as

AL Dg (151)

G=-Vp—-—"" .
LB A, Cp + C, D

On that account, all the conclusions drawn in the previous section remain valid after the appropriate
replacement of parameter G.

9.6. Impact on typical V-shaped resonators

One of the first steps when designing laser resonators is to study the influence of the thermal lens on the
resonator stability. This is usually achieved by means of so called “stability plots” [178], i.e. by plotting the
evolution of the eigenmode size at a given optical element for variations of the thermal lens. Given a
resonator layout, stable laser operation is only achieved in a limited range of thermal lens values. This
range is known as the “stability region”.

In this section, we illustrate the shrinkage of the effective stability region and the reduction of the output
power caused by the thermal-induced misalignment mechanism. The impact of this misalignment
mechanism will be illustrated for four resonator layouts, all based on the architecture sketched in Figure
115.

For the modeling of the output power and the thermal lens effect given in Figure 116, 123, 124, 125, 127
and 128 we have assumed the simplified situation summarized in Table 6. The thermal dioptric power of
the disk in laser operation has been assumed to be 50% of the thermal dioptric power in fluorescence
operation [146, 147, 148] with Vis > 0 (valid for TDL). We further assumed that the dioptric power of the
disk decreases linearly with the pump power density, and that the laser operates in the TEM0O mode.

At zero pump power (i) the dioptric power of the disk is 0.5 diopters (assumption). With increasing pump
power density the dioptric power decreases. When the pump power density reaches 0.3 kW/cm? (ii) laser
operation starts. A further increase of in pump power density leads to an increase of the output power
until the allowed maximal (due to optical damage) pump power density of 8 kW/cm? (vi) is reached. In this
case, the laser resonator remains within the stability region independently of the laser pump power
density. No limitations due to the above-described thermal-induced misalignment are noticeable in this
layout.
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Table 6: Parameters assumed to model the laser output power and the stability properties of Figs. 6, 7, 8, 9, 11
and 12. Notation: w, is the waist of the eigenmode at the center of the stability region, P the pump power density
and V the dioptric power of the disk.

Maximal pump power density 8 kW/cm2

Pump power density at laser threshold 0.3 kW/cma2

Slope efficiency 50%

Pump spot diameter Dpump = 3w

Disk dioptric power (unpumped) V(unpumped) = 0.5 1/m
Therm.j;\I dioptric power in fluorescence v _ —0017 1/m [148]
operation ap kW /cm?
Thermal dioptric power in laser operation % = —0.0092 kvxlnmz [148]

Table 7: Description of significant states of the laser operation used in Figs. 6, 7, 8,9, 11and 12.

i The disk is not pumped and its dioptric power is V = 0.5 1/m.

The gain of the disk equals the losses at the out-coupler (other losses are
neglected). Laser threshold is reached provided the resonator is within the
“classical” stability region and the waist at the given dioptric power does
not exceed 1.3 the layout value (w £ 1.3w,).

The disk dioptric power in fluorescence operation gives rise to a stable

iii . L .
resonator with w = 1.3 w,. Laser operation is starting.

The disk dioptric power in laser operation is within the stability region

v with w = 1.3w..

The parameter G becomes 1. Laser operation is disrupted giving rise to a
v rapid decrease of the disk dioptric power from the laser operation value
to the fluorescence value (at the same pump power density).

iv Laser operation at the allowed maximal pump power density of 8 kW/cm?.

, Laser operation at the allowed maximal pump power density of 8 kW/cm?
when the thermal induced misalignment mechanism is ignored.

Figure 115: shows the stability plot and the output power as a function of the disk dioptric power V for a
resonator having an eigenmode waist at the disk of about 1.5 mm. V accounts for thermal and non-
thermal (prior to pumping) lens effects. A qualitative understanding of the laser operation of this resonator
can be obtained by considering some particular states of the laser operation indicated with Roman
numbers from (i) to (vi) as summarized in
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Figure 116: (a) eigenmode waist at the disk versus the disk dioptric power V for a resonator layout as in Figure 115
with L; =500 mm, L, = 1470 mm, L3 =100 mm and fiex = -1500 mm. The dotted line represents the “classic”
stability plot, i.e. the waist w for any V. The continuous black line indicates the beam waist versus dioptric power
only for the dioptric power that retain the disk in the assumed running conditions: starting from V = 0.5 diopters
for no pumping to V = 0.42 diopters for 8 kW/cm2. The value of w = 0 is used to indicate that at the given dioptric
power there is no laser operation. The Roman numbers indicate specific states of the laser operation as described
in the main text and summarized in Table 2. Between (i) and (ii) there is no laser operation because the gain at the
disk in this pump power density range is still smaller than the out-coupler transmission. (b): Qualitative evolution
of the output power for the resonator layout of (a) as a function of the pump power. The parameters of Table 1
have been used to model the output power evolution.

In Figure 117 the output power evolution and the stability plot are given for a resonator layout whose
stability region is shifted compared with the layout of Figure 116. With increasing pump power and above
the laser threshold (ii) the output power increases. However, at an output power of about 0.4 kW (v), laser
operation stops because the parameter G becomes equal to 1. As a consequence, the thermal lens
suddenly jumps from the laser operation value to its fluorescence value (while the pump power density
remains constant). A further increase of the pump power worsens the situation because G increases
further and the resonator moves out of the “classic” stability region. Also, in this case, provided that the
laser operation would not be disrupted by the thermal misalighment effect, the resonator would stay
inside the “classic” [14] stability region for all pump power densities from 0 (i) to 8 kW/cm? (vi’). But for
this layout, the onset of the thermal-induced misalignment limits the effective stability region and the
maximal output power as can be seen by comparing (v) with (vi’).

Figure 118 shows the behavior of a resonator having a larger eigenmode waist of w, = 2.5 mm (wc denotes
the waist at the center of the stability region). At point (ii), the disk gain becomes larger than the out-
coupler losses, but there is no laser operation because the resonator lies outside of the stability region.
With increasing pump power, the resonator becomes stable but laser operation only starts at point (iii)
when the waist w of the eigenmode reaches a reasonable value that we assumed to be w = 1.3w,. From
(iv) to (v) the output power increases with the value given by the assumed slope efficiency and laser
threshold, while from (iii) to (iv) a transition from fluorescence to efficient laser operation occurs. In this
pump power density, range the dioptric power of the disk can be assumed to be constant as the heat load
caused by the increase of pump power density is compensated by the reduction of the heat load due to
the fast-growing laser output power.
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Figure 117: Similar to Figure 116 but for a resonator with L; =500 mm, L,=900 mm, L3=100 mm and
fuex =-1500 mm. At position (v) the laser operation is disrupted by the onset of the thermal-induced misalignment
mechanism and the dioptric power of the disk jumps from its laser operation value (0.45 diopters) to its
fluorescence value (0.42 diopters) as indicated by the red line. Therefore, the maximal output power attainable is
limited by the onset of the misalignment mechanism presented in this study. The absence of laser operation
between (i) and (ii) is because the gain at the disk does not overcome the losses at the out-coupler, while the
absence of laser operation between (v) and (vi) is due to the thermal-induced misalignment. The points (vi’)
indicate waist and output power hypothetically achivable when neglecting the thermal-induced misalignment.
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Figure 118: Similar to Figure 117 but for a resonator with L; =1000 mm, L, =1600 mm, L3 =900 mm and
fuex =-1000 mm. The absence of laser operation between (i) and (iii) has multiple origins: the gain at the disk does
not overcome the losses at the out-coupler, or the resonator is outside the stability region, or the resonator is
within the stability region but it has a waist w > 1.3wc. The absence of laser operation between (v) and (vi) is due
to the thermal-induced misalignment. The behavior between (iv) and (v) assumes a slope efficiency of 50% and a
laser threshold of 0.3 kW/cm2. Between (iii) and (iv) there is a transition from fluorescence to laser operation.

Also, in this case the output power of the laser is limited by the onset of thermal-induced misalignment
instabilities that occurs at position (v) when G becomes equal to 1. Here the thermal lens of the disk rapidly
mutates from the laser to the fluorescence value. In this case, the obtainable maximal laser output power
does not significantly deviate from the value that could be obtained at the maximal pump power density
of 8 kW/cm? (vi’). However, for a resonator with larger eigenmode (see Figure 119) the limitations induced
by the thermal-induced misalignment become substantial.

Laser operation of the resonator given in Figure 119 follows the same dynamics as in Figure 118 but shows
an increased limitation arising from the thermal-induced misalignment given the shrinkage of the “classic”
stability region. In fact, it has been demonstrated [178] that the width of the stability region scales with
1/ wZ where w. represents the eigenmode width at the position of the thermal lens (disk). Hence, stable
operation of high-power laser becomes increasingly challenging.
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Figure 119: Similar to Figure 118 but for a resonator with L; =1000 mm, L, =1600 mm, L3=2000 mm and
fvex= -750 mm.

The thermal-induced misalignment effect presented here further worsens the situation because a
constant (in absolute terms and independent of w) range of the stability region becomes unusable
reducing the “effective” stability region. This unusable range starts from the weak focusing edge of the
“classic” stability region and has a width proportional to the pump power density. This unusable range
with G > 1 within the “classic” stability region is related to the commonly applied rule of thumb that a laser
resonator should be designed to remain inside the stability region also when the laser cavity is blocked.

No stable laser operation is possible and power scaling reaches its limit when the width of the “classical”
stability region with increasing mode size shrinks to the width of the unusable range (due to thermal-
induced misalignment instabilities). A decrease of the pump power density would reduce the width of the
unusable range allowing the use of larger eigenmode and pump spots but the maximal output power
would remain approximatively the same.

Possible non-linear variations of the thermal lens versus pump power densities [149] further amplify the
limiting effect of the here disclosed effect. However, proper resonator designs as exposed in the next
section can be used to circumvent this problem.

9.7. Resonator designs insensitive to the thermal-
induced misalignment

In this section we present three resonator architectures which avoid the thermal-induced misalignment

by keeping G < 1 (assuming Vs > 0). The resonator shown in Figure 120 (a) has been obtained by replacing

the free propagation of length L; on the left side of Figure 115 by an optical segment acting as a Fourier
transform. Since the ABCD matrix of a Fourier transform based on a lens of focal length F reads

0 F

[AL BL] ~| 1

CL DL _F 0

the G parameter of Eq. (151) becomes zero for all layouts. The physical origin of this stabilization arises

from the fact that the back and forth propagation of the beam in the Fourier segment corresponds to a

(152)
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4F-relay imaging from pass to pass on the disk. An on-axis laser beam reflected on the disk tilted by a, = 2
leaves the disk towards the Fourier segment at an angle 6, = a,. When the beam is coming back to the
tilted disk after the propagation in the 4f-relay imaging system, its angle is inverted so that 6, = -a,. The
subsequent reflection of the beam on the disk brings the beam back on axis (6, =0). The beam thus
reproduces itself on the right side of the resonator independently of the disk tilt.
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Figure 120: Resonator architectures with G <1 (assuming V;3>0), i.e., unaffected by the thermal-induced
misalignment. The vertical lines represent the position of the various optical elements. The eigenmode waist w
evolution along the resonator is also indicated. (a) This resonator has been obtained by replacing the left side (L1)
of the V-shaped resonator design of Figure 115 with a Fourier-transform segment. This is achieved by inserting a
focusing element with focal length F at a distance F from the disk and from the end-mirror. (b) Resonator formed
by combining two identical or quasi-identical optical segments, each of which having a layout of a V-shaped
resonator as in Figure 115. A retro-reflector is placed between the two segments and the same disk has to be used
in both segments [21]. (c) Similar to (a) but in this case the Fourier-transform segment is used to extend the right

branch of the V-shaped resonator.
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Figure 121: Similar to Figure 119 but with a resonator design based on Figure 120 with L, = 1620 mm, L3 = 2000 mm
and fiex = -750 mm. As for this resonator G < 1 (assuming V5 > 0), the thermal-induced misalignment presented in
this study does not limit the maximal output power.

The drawback of this architecture is that for high power resonators the cavity becomes exceedingly long.
This is caused by the requirement to have a large beam waist at all optical elements that calls for large F.
However, the beam offset generated by the corner cube prevents the use of the corner cube as resonator
end-mirror. For this reason in Figure 120 (b) the corner cube is used as folding mirror between two
reflections on the same disk. This resonator layout thus corresponds to a multi-pass resonator (4
reflections on the same disk per roundtrip) exhibiting a larger gain compared to previous layouts. Note
that the realization of this layout with two different disks would not provide any cancellation of the
thermal-induced effect. Moreover, it has been demonstrated that the stability region of such multi-pass
resonators having only one disk does not depend on the number of reflections at the disk and have thus
been proposed to solve present energy scaling of mode-locked laser oscillators [52].

In Figure 120 (c) the Fourier-transform segment has been added to the right side of the resonator of
Figure 121. This addition leads to a sign change of G. In such a way, G becomes negative stabilizing the
resonator®.

The resonator adaptations presented in this section lead to larger output power and larger “effective”
stability ranges as can be seen by comparing Figure 119 with Figure 121. This opens the way for a further
increase of the waist w. resulting in power scaling as shown in Figure 122.
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Figure 122: Similar to Figure 121 but with a resonator design with larger eigenmode waist (L; = 1605 mm,
L3 =5000 mm and fiex = -750 mm).

¥ For active media having negative Vg, like rod lasers, this design leads to G > 0 limiting the power scaling. By contrast,
the design given in Figure 115 having G < 0 are power scalable for negative Vz.
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9.8. Conclusion

We have exposed for the first time a fundamental obstacle to power scaling of TDL related with self-driven
growth of misalignment due to thermal-lens effects. We have found a parameter G which serves to
evaluate the response of an optical resonator to an excursion of the laser eigenmode at the active medium
position accounting for the changes of the OPD at the active medium caused by the excursion of the laser
eigenmode itself. This parameter G can be computed using the ABCD-matrix formalism and the knowledge
of the active medium thermal lens in laser and fluorescence operation.

When designing resonator layouts the region where G > 1 has to be avoided. This results for standard TDL
design (V-shaped resonator) in a restriction of the “classic” stability region (where stable laser operation
can be achieved). Hence, it becomes particularly limiting for high-power TDL.

This boundaries can be stretched by reducing the thermal-lens difference Vs between laser operation and
fluorescence operation which can be achieved by increasing the thermal conductivity of the assembly of
thin disk and heat sink, by increasing the stiffness of the heat sink and by lowering the heat deposition for
example by using zero-phonon line pumping [149]. However, this effect can be avoided completely by
suited resonator layouts as presented in Sec. 9.7 or by implementing an active feedback as the beam
excursion grows on a time scale of milliseconds.

9.9. Appendix: Simulations based on finite elements
methods

The thermal-induced OPD difference (at the disk) between fluorescence (only pumped) and laser
operation is at the core of this study. The model we have developed describing this interplay and providing
a simple criterion to characterize the sensitivity of resonators to this phenomenon assumes that a change
of the eigenmode position at the disk generates a change of its OPD that corresponds to a tilt of the disk.
The FEM simulations presented in Figure 113 demonstrate the validity of this assumption for small beam
excursion (X=1mm). In this appendix, we specify the geometry and parameters entering the FEM
simulations underlying the OPD profiles of Figure 112 and Figure 113.

Temperature

(@)

(b) (c)

Figure 123: Temperature distributions of the assembly of thin disk and heat sink with the geometry and heat loads
as specified in the main text. (a) Temperature distribution caused by the pump only. The laser is operated in
fluorescence mode. (b) Laser operation reduces the heat deposited at the resonator eigenmode position. Here the
laser eigenmode is centered relative to the pumped area while in (c) the laser eigenmode is 1 mm off from the
disk-pumped-area axis.
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To account for the asymmetry caused by the off-axis laser beam, 3D simulations must be performed. These
differ from typical FEM simulations [102, 145, 248] of TDL which usually assume rotational symmetry and
are thus performed only along a radial cut of the disk. To reduce computing time, however, only half of
the disk is simulated and the appropriate symmetry conditions are used to extend the simulations to the
whole disk. Autodesk Simulation Mechanical 2015 has been used.

The FEM simulations assume a diamond heat sink of 1.5 mm thickness and 25 mm diameter, and a Yb:YAG
active material with 140 um thickness and a diameter of 20 mm. The heat sink is supported at its edge,
while its backside is held at a constant temperature of T =13 °C. Disk coatings and contacting layers have
been neglected.

A flattop pump beam of 12 mm diameter generates a heat load of 50 W/mm? in the active material while
it is assumed that in the laser beam area (diameter of 9.6 mm) the laser beam reduces the heat load by a
factor of 2. Such a reduction that strongly depends on running conditions, active medium material and
pump wavelength has been observed for example in [146, 147, 148, 149, 101].

Figure 123 shows the temperature distribution at the disk surface for three different conditions computed
with FEM using the parameters summarized in Table 8. In (a) the laser is in fluorescence mode, i.e., the
active medium is pumped but no laser light is produced. In transverse direction, the temperature is
constant within the pumped area. The heat-sink temperature is much lower compared to the disk due to
the superior conductivity of the diamond relative to Yb:YAG. In (b) the laser is operating in optimal
conditions. The laser eigenmode is perfectly aligned with the disk—pumped-area axis. As the circulating
laser intensity reduces the thermal load [146, 147, 148, 149, 101] the region of superposition between
pumped-area and laser eigenmode is colder. In (c) there is a 1 mm deviation between the laser eigenmode
axis and the pumped-region axis that leads to an asymmetric temperature profile. It is this asymmetric
temperature distribution that causes an asymmetric mechanical deformation of the disk backside that
produces the tilt effects described above. Adding the axial expansion of the active medium and correcting
for the temperature dependence of the active medium refractive index we obtain OPD profiles whose
radial cuts are shown in Figure 112 and Figure 113.

Table 8: Parameters assumed in the FEM simulations to model the thermal lens of the disk contacted to the
diamond substrate.

Yb:YAG (7%) thermal conductivity 7 W/mK
Yb:YAG Young’s modulus 300 GPa
Yb:YAG avg. thermal expansion 8:10°1/K
o T 906
Diamond thermal conductivity 1900 W/mK
Diamond Young’s modulus 1100 GPa

Diamond avg. thermal expansion 9107 1/K
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10. Thin-disk laser pump
schemes™®

Thin-disk laser pump layouts yielding an increased number of passes for a given pump module size and
pump source quality are proposed. These layouts result from a general scheme based on the merging of
two simpler pump optics arrangements. Some peculiar examples can be realized by adapting standard,
commercially available pump optics with an additional mirror pair. More pump passes vyield better
efficiency, opening the way for the usage of active materials with low absorption. In a standard multi-pass
pump design, scaling of the number of beam passes brings about an increase in the overall size of the
optical arrangement or an increase of the requirements for the beam quality of the pump source. Such
increases are minimized in our scheme, making them eligible for industrial applications.

10.1. Motivation

The thin-disk laser [98, 99, 100] is a diode-pumped solid-state laser with high power and high pulse energy
capabilities, high efficiency, and excellent beam quality. The thin-disk laser active medium, depicted in
Figure 124 (a), is a thin disk with a typical thickness of 100-500 um and a diameter up to a few cm. Lasing
and cooling occurs along the disk axis, while pumping results in a quasi-end-pumped configuration. The
rear side of the disk acts as a highly reflective (HR) mirror for pump and laser wavelengths, and it is
thermally coupled to a heat sink (see Figure 124 (a)). Heat removal from the disk is efficient because of
the large cooled-surface-to-active-volume ratio. Since the heat flux occurs along the laser axis, the
thermally induced lens effects are minimized, resulting in small phase-front distortions for beams of large
diameter [117, 102, 145, 148]. This cooling scheme thus allows for power and energy scaling [235, 236,
238, 248, 162, 115] simply by increasing the diameter of laser and pump spots, eventually limited by
amplified spontaneous emission effects [117, 121, 261, 125]. Moreover, the efficient cooling allows
pumping in the kW range and the use of quasi-three-level system materials having low quantum defect
and high gain. To date, the paradigmatic material of choice, especially in industrial applications, is
ytterbium-doped yttrium aluminum garnet (Yb:YAG) [206, 234, 237], but recently researchers have
concentrated on finding new materials of higher thermal conductivity for higher output power and with
larger bandwidth for ultrashort pulse generation or tunable lasers [105, 101, 247, 162, 262, 263, 264].

The small thickness of the disk guarantees excellent cooling and power scaling. Yet, in a single pass, only a
small fraction of pump light is absorbed in the thin active medium. The light not absorbed in the disk in

10 This chapter is a reprint of [53]
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the first pass is reflected by the HR coating onto a second pass in the active medium. Even so, the
absorption in the resulting double pass is too small. This shortcoming can be compensated using a multi-
pass scheme for the pump light, that is, by redirecting the (not absorbed) pump beam into the disk several
times [265].

A well-defined pump region with sharp boundaries is fundamental, especially for three-level system
materials due to the high lasing threshold. To generate a pump profile that minimizes radial tails, on the
one hand the pump optics have to redirect the various passes at “exactly” the same position at the disk,
and, on the other hand, each individual pump pass spot must have sharp boundaries. Relay 4f telecentric
imaging with unitary magnification is commonly used for this purpose [265], as its propagation matrix is
exactly the negative unity matrix.

The scheme ordinarily used for disk laser pumping is the first to homogenize a high-power diode laser by
coupling it into either a multimode fiber or a rod homogenizer. The output face of this optical element is
then imaged onto the disk with suitable magnification. The multi-pass propagation of the pump beam is
realized using tele-centric 4f relay imaging with unitary magnification, that is, by imaging the pump spot
at the disk position from pass to pass without changing its size. The imaging properties of the 4f imaging
scheme “per definition” guarantees that the beam spot profile and its divergence are exactly reproduced
from pass to pass (neglecting phase-front distortions occurring at the disk).
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Figure 124: Working principle of a thin-disk laser and thin-disk laser pump arrangement. (a) Scheme of the thin
disk active medium mounted on a water cooled heat sink. Lasing and cooling occur along the disk axis. (b) 3D
schematic of the pump optics: heat sink (gold), parabolic mirror (gray), and prisms acting as mirror pairs (green
and blue). (c) Pump light multi-pass arrangement. The light from a homogenizer is imaged onto the disk via a
parabolic mirror. The multi-pass is realized via the disk, the parabolic mirror, and the 45° mirror pairs. The pump
beam propagation in the multi-pass is given in cyan, the laser beam, in magenta. HR and AR stand for high reflector
and anti-reflex layer, respectively.
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Another practical advantage is given by the fact that 4f-imaging can be realized with only a few optical
elements also for a large number of passes. Commonly it is realized [113, 265, 266, 267, 268, 269] using a
parabolic mirror and a deflecting mirror system, as shown in Figure 124 (b) and Figure 124 (c). After
collimation, the pump light from the homogenizer enters the pump optics and is directed to the disk by
the parabolic mirror. The light not absorbed in the disk in the first double pass is reflected back to the
parabolic mirror. At the parabolic mirror, the pump beam is collimated and sent to the mirror system
(prisms), which after a double 90° reflection redirects the light back onto the parabolic mirror but at a
different position. From there, the light proceeds to the disk for the second time. Iterating this scheme
several times gives rise to a multi-pass pump pattern having several passes through the active medium.

The typical commercially available pump modules for thin disks [269, 270, 271] provide 24 or 48 passes.
(Throughout this section, the number of passes N is defined to be twice the number of reflections at the
disk.). A larger number of pump passes enables a reduction of the thin disk thickness and doping
concentration while keeping the same pump light absorption. The smaller heat resistance that results from
reducing the thin disk thickness brings about a lower average temperature for the active medium, which
is advantageous for the three-level systems. Moreover, the thermal-lens effects (spherical and aspherical
components) of the thin disk are reduced, leading to improved efficiency and beam quality. Similarly,
reduced doping ensures higher active medium thermal conductance due to decreased scattering of the
active medium phonons on the doping ions yielding more efficient cooling. The increase in pump passes
also allows for the use of active medium materials with smaller absorption cross sections and smaller
absorption bandwidths. However, such an increase in the pass number has to be attained without
substantially increasing the requirements for the pump beam quality expressed by the beam parameters
product P, which is defined as the product of the pump beam’s divergence angle (half-angle in the far field)
and beam waist (radius of the beam at its narrowest point). In this paper, possible realizations of multi-
pass pump layouts suitable for thin-disk lasers are presented. We restrict the discussion to 4f imaging
schemes. In Sec. 10.2 the 4f-imaging and the multi-pass concepts are introduced with the help of an
exemplary simple pump layout. Sec. 10.3 describes the standard commercially available thin-disk pump
optics and the related pump beam propagation. The layouts we are proposing in this work result from
combining two multi-pass concepts: The first one is based on the standard pump module design described
in Sec. 10.3; the second one is given in Sec. 10.4. The merging of these two concepts, which is described
in Sec. 10.5, enables multi-pass systems to be realized with a large number of passes while only minimally
increasing the complexity of the multi-pass system, the size of the optics, and the requirement for the
pump source quality, making these schemes apt for industrial applications. A particular practical
realization based on hexagonal mirror pairs and hexagonal ordered fiber-coupled diodes is presented in
Sec. 10.6, followed by concluding remarks.

10.2. Simple example of a multi-pass scheme
based on 4f relay imaging

A simple way to realize a multi-pass scheme based on 4f imaging is shown in Figure 125 [272, 273]. The
setup consists of a thin disk, a lens with focal length f, and a pair of mirrors at a 45° angle relative to the



Chapter 10: Thin-disk laser pump schemes

< >«
. _2Ay
Disk T
Ay -~ S—
f Far-field
Near-field
Near-field
Fiber

Figure 125: Schematic of a 4f multi-pass optical system realized with a 45° mirror pair (blue), a lens (gray), and a
disk (red). The mirror pair axis is shifted by Ay relative to disk-lens axis. The pump beam multi-pass is given in cyan.
The number of passes can be doubled by introducing a back-reflector (black).

optical axis. The spacing between disk and lens and between lens and the intersect of the mirror pair is f.
Hence, the propagation from disk to mirror pair can be seen as imaging from the disk image plane to the
mirror-pair Fourier plane and the full round trip from disk to disk as a 4f relay imaging. In other words, the
near-field laser profile at the disk is imaged by the lens into the far field at the mirror-pair center and vice
versa.

If the intercept (center) of the mirror pair was located on the disk-lens axis, the light would propagate in
this optical system in a closed loop as in a resonator. However, by displacing the mirror-pair center by Ay,
as shown in the figure, a multi-pass configuration can be realized. The resulting far-field spacing of the
various beam passes is 24y. The shift of the mirror-pair center relative to the common disk lens axis breaks
the symmetry, which is necessary for the realization of a multi-pass scheme. The size of Ay controls the
number of achievable passes, given constraints from the laser beam size, restrictions related with
astigmatisms, and the size of the various optical elements.

A common feature of multi-pass propagation is that the number of passes can be doubled by placing a
back-reflector at its end, causing the beam to retrace itself traveling in the opposite direction. For pump
beams, the residual beam not absorbed in the disk after the back-and-forth propagation is consequently
sent back to the homogenizer of the pump diodes.

10.3. State of the art of the commercial multi-pass
pump systems

Atypical pump optics system for thin-disk lasers originally proposed in [265] and now available at TRUMPF,
IFSW, and Dausinger + Giesen is shown in Figure 124. It consists of a disk, a large parabolic mirror with
focal length f, and two mirror pairs (HR coated prism pairs). Similar to the previous example, the distances
between disk and parabolic mirror, and between parabolic mirror and prisms intersects, are f. For the
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realization of a multi-pass propagation, the symmetry of the optical layout has to be broken. Instead of
shifting the mirror pair off-axis, as was done previously, in this case the symmetry is broken by rotating
one prism pair by an angle ¢; relative to the other pair, as depicted in Figure 126.

To understand the beam routing in the multi-pass pump optics, consider Figure 126 (b). The position of
the pump beam at the mirror-pairs plane (and at the parabolic mirror as the collimated pump beams are
parallel) is indicated by the numbering. Number 1 represents the position of the collimated in-coupled
beam. After a reflection at the parabolic mirror the beam travels to the disk (red central circle). The
remaining pump light reflected from the disk subsequently reaches position 2 at the first mirror pair after
a second collimation at the parabolic mirror. From there the pump beam is redirected within the same
mirror pair to reach position 3. Thereafter, it is sent toward the parabolic mirror, disk, parabolic mirror to
reach position 4 on the second mirror pair. Via a path within this second mirror pair the beam reaches
position 5 where it is redirected again toward the disk (third reflection at the disk) and from there
eventually to position 6. At position 6 the beam is back-reflected, giving rise to a propagation in the
opposite direction, which results in a doubling of the number of pump passes on the disk.

The relative rotation of the mirror-pair intercepts by an angle ¢; gives rise to a rotational symmetric beam
spot pattern with a spot-to-spot angle of 2 ¢;. In this design, all far-field beams have the same radial
distance from the optical axis, resulting in a central region free of pump-beam spots. (Near field is used
for beams at the disk, far field for beams at the mirror pair plane, as defined in Figure 125.) Therefore, the
mechanics holding the mirror pair can have a central aperture, as shown in Figure 126 (a), in which the
thin disk can be placed. Similarly, the parabolic mirror can have a central aperture, as shown in Figure
124 (b) and (c), for laser beam access. In such a way, the radial symmetric beam pattern allows the use of
a parabolic mirror instead of a lens, as in the example of Figure 125, which yields a folding of the beam
propagation so that geometrically the plane of the mirror pair coincides with the disk plane. Thus, the
utilization of a parabolic mirror reduces the size of the multi-pass pump optics, leads to smaller absorption
losses, and offers the possibility of elegant laser beam coupling [see off-axis aperture in Figure 126 (a)].
The most natural way to increase the number of pump passes would be to reduce the angle ¢;, as shown
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Figure 126: Schematics of the mirror pairs and multi-pass beam routing at the parabolic mirror and mirror-pairs
plane. (a) 3D arrangement of the mirror (prism) pairs commercially available. (b) Mirror-pair contours and beam
routing (which follows the given numbering) for six reflections (12 passes) at the disk. The disk position is given in
red. The second mirror pair (blue) is rotated by an angle ¢; = 30° relative to the first mirror pair (green). At position
6 the beam is back-reflected, doubling the number of passes. (c) Schematic for 30 reflections (60 passes) at the
disk achieved by decreasing the angle ¢;.

(a)
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The number of passes N is given by N =2 x 180/ ¢1, where ¢; is expressed in degrees. The factor of 2
originates from the fact that each reflection corresponds to two passes in the active material. Furthermore,
this equation assumes that the pump beam propagates back and forth in the multi-pass segment due to
the back-reflector [placed, e.g., at position 6 in Figure 126 (b), or at position 30 in Figure 126 (c)].

However, an increase of passes by decreasing the angle ¢; (assuming the same parabolic mirror size and
focal length f) can be realized only by decreasing the far-field beam spot size. Overlapping of the far-field
spots (spots at the mirror-pairs plane) is not acceptable because it implies aperture losses at the beam in-
coupling. For large N the maximal diameter d of a single far-field beam spot, as can be seen in Figure 126,
is given by d =2rR/N, where R is the radial distance of the pump beams from the optical axis at the
parabolic mirror position. This implies 1./N scaling of the pump beam parameters product and a poor
usage of the mirror pairs and parabolic mirror surfaces. However, if the total surface of the parabolic
mirror was used, the diameter of the far-field spots would shrink approximately only as N%.

A scheme that makes use of a much larger fraction of the parabolic mirror surface is presented in Sec. 10.5.
This scheme thus allows for scaling of the number of passes while only moderately increasing the demands
on the quality of the pump source. Before describing this scheme, for didactic reasons in Sec. 10.4 a multi-
pass layout is presented that forms one of the building blocks of the final schemes.

10.4. Two mirror pairs whose intersects meet off-
axis

The generalized pump schemes we propose and which are detailed in the next section rest on two building
blocks. The first one is given by the standard pump optics described in Sec. 10.3. The second one, described
in this section, is a design also realized with only a disk, a parabolic mirror, and two mirror pairs, as shown
in Figure 127.

Different from the layout of Figure 126, the second mirror pair is rotated relative to the first one by an
angle ¢, not around the disk axis but around an axis shifted by an offset AX, as shown in Figure 127 (a).
The resulting distribution of the far-field spots is located on two separate circles. Similar to previous
configurations, the number of passes is dictated by the angle of rotation, whereas the radius of these
circles is given by the distance of the in-coupled beam to the center of the first mirror pair depicted in
green.

The beam is traveling in between mirror pairs, parabolic mirror and disk. The beam routing starts from the
aperture (slit between the green mirror pair) at position 1 of the first mirror pair and reaches position 2 at
the second mirror pair (blue) after a reflection at the disk and two reflections at the parabolic mirror. From
position 2, the beam is redirected within the second mirror pair to position 3. From position 3, it travels
back to the first mirror pair via a reflection at the disk and two reflections at the parabolic mirror to reach
position 4. Within the first mirror pair the beam travels from position 4 to 5, and from there it is sent again
toward the disk. Iterating this scheme, several passes at the disk are realized, while the beam position at
the mirror pairs travels the given numbering.
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Figure 127: (a), multi-pass configuration resulting from two mirror pairs (prism pairs) whose intersects do not cross
at the optical axis but at a point with AX offset. (b) Corresponding 3D drawings. Mirror pairs are given in blue and
green, the disk in red, and the parabolic mirror in gray.

For a large number of passes, this multi-pass scheme requires large pump optics and shows a poor
utilization of the parabolic mirror surface. Therefore, when used as shown in Figure 127, it is not suited
for the realization of compact pump optics. However, when combined with other schemes as detailed in
the next section, layouts with more efficient usage of the parabolic surface can be realized. Still, this
scheme as such (as in Figure 127) can be used to design multi-pass laser amplifiers with a large number of
passes, because of the typically better beam parameter products of the laser beams and the less stringent
size limitations.

10.5. Design with many more passes

By merging the two concepts presented in Figure 126 and Figure 127, we can realize a multi-pass scheme
with an increased number of passes while at the same time making efficient use of the surface of the
parabolic mirror. Before proceeding to develop in a detailed way the ideas behind our configurations, the
merging process yielding the simple layout of Figure 128 (d) is quickly introduced. The starting point is the
setup of two mirror pairs (green and blue), as in Figure 128 (a), very similar to the setup in Figure 126.
Adding two more mirror pairs (magenta and cyan) as shown in Figure 128 (b) results in an arrangement of
four mirror pairs, as depicted in Figure 128 (c), which can be simplified to the three-mirror-pair setup
shown in Figure 128 (d).
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(b)

Figure 128: Principle of the merging of the two multi-pass schemes of Figure 126 and Figure 127. (a) Similar mirror-
pair scheme as in Figure 126 for 20 passes. The slightly different position of the in-coupled light in region 1 is
producing the pattern indicated by the black dots at the various numbered regions. The crosses represent the
beam position after the first reflection at the mirror pair in region 10. (b) Similar mirror-pair scheme as given in
Figure 127 for 20 passes. (c) The merging of the multi-pass scheme given in previous panels produces a beam
propagation pattern of 100 passes. (d) 3D representation of the three mirror pairs needed to realize the 100 pass
scheme of panel (c). The red circles represent the position of the thin disk; the blue, green, magenta, and cyan
contours represent the first, second, third, and fourth mirror pairs, respectively.

In more detail, this merging proceeds in the following way. The panel (a) shows the same two mirror-pairs
arrangement as in Figure 126, but contrarily to that situation, here the beam is not coupled in the center
of region 1 but with a small displacement relative to the center of region 1. Starting from this initial position,
the pump beam travels in the pump optics following the given numbering at the positions indicated by the
black dots, until it eventually reaches region 10. At this position, a third mirror pair is placed, corresponding
to the magenta mirror pair of panel (b). This third mirror pair reflects the beam within region 10, from the
black dot to the black cross. From there, the beam undergoes a propagation indicated with the crosses
back to region 1. At position 1, a fourth mirror pair corresponding to the cyan mirror pairs of the panel (b)
is introduced, completing in this way the merging of the two concepts. The orientation of this fourth mirror
pair is such as to reflect the beam within region 1 at the position indicated with the empty square. Similar
to before, starting from this position, propagation until region 10 is followed. By iterating this scheme, a
large number of passes on the disk can be realized.
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Panel (c) of Figure 128 displays the arrangement of all optical elements resulting from the merging of the
two multi-pass schemes of panels (a) and (b). The pump beam propagation follows the indicated
numbering yielding N=2nm =2 (180/¢;) (180/¢,) passes, where ¢; and ¢, are the angular tilts in
degrees of the second and fourth mirror pairs, respectively. In addition, in this case N accounts for back-
and-forth propagation in the multi-pass segment. The needed back-reflection at position 50 in panel (c) is
realized by the magenta mirror pair. The numbers n and m, which represent the number of reflections at
the disk for the two separate multi-pass concepts, are used to classify the various configurations resulting
from the merging process.

In this case, the third (magenta) mirror pair was introduced just for didactic reasons: to better highlight
the principle of the merging process. In fact, in this particular case, its functionality can be realized by the
first mirror pair [see panel (d)], but this does not apply generally [see, e.g., Figure 129 (a)].

In conclusion, by adding only a small mirror pair in the region of the in-coupled beam [see Figure 128(d)],
the number of pump passes relative to a standard pump optics design can be increased by a factor of
(180./¢2). Moreover, the individual beam spots at the mirror pair and at the parabolic mirror are larger
than in the standard configuration, assuming the same parabolic mirror and number of passes, because of
the better usage of the parabolic mirror surface. Hence, the demands for the pump source phase-space
quality or pump optics size are decreased relative to the standard configurations.

The merging described here can be interpreted as a generalization of the concept exploited already by
TRUMPF [36] and shown in Figure 129 (b). In our scheme, the TRUMPF layout can be classified as an
n x m =6 x 3 configuration leading to 36 passes in the disk. In panel (a) a 10 x 2 and in panel (c)a6x3x 3
configuration is shown. The latter demonstrates that our merging processes can be iterated several times.
Moreover, our merging process can be applied for various initial configurations.

A comparison of the various configurations is shown in Figure 130, where the “filling factor” F is plotted
against the number of pump passes. F is defined as the ratio of the beam spots area at the parabolic mirror
over the parabolic mirror area: F = N d?/(2D?), where d is the individual beam spot diameter in the far field
and D the parabolic mirror diameter [see Figure 126 (c)]. F has been computed using the paraxial
approximation. For the real situation, the “filling factor” differences between the various configurations
are slightly larger due to the focal length increase of the parabolic mirror with increasing distance from
the axis.

Figure 129: (a) 10 x 2 configuration yielding 40 passes. The third mirror pair in this case has been rotated by 90°
compared to the merging process described above. (b) 6 x 3 configuration yielding 36 passes as implemented by
TRUMPF and (c) 6 x 3 x 3 configuration that results by iterating twice a merging process resulting in 108 passes.
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For the standard design of Figure 126, D=2 R +d. For large N, D=2 R and R= N d/(2r) applies. Thus, in
this limit the “filling factor” scales as F ~1./N. For small N, these approximations do not apply and the
“filling factor” increases with N, as is well visible from the plot.

Similar behavior versus N is found for other configurations. As a rule of thumb, with increasing m the
maximal “filling factor” is reached for larger values of N. The overall maximal “filling factor” is obtained for
the N = 36 design, resulting from the 6 x 3 configuration of TRUMPF depicted in Figure 129 (b). For N = 108,
the configuration 6 x 3 x 3 of Figure 129 (c) shows by far the highest “filling factor”.

Knowing the “filling factor” and the number of passes of a given configuration, it is possible to determine
the minimal diameter D of the parabolic mirror and the maximal beam parameters product P of the pump
source:

ps BN _Pf (153)
F dyump
F Ddypump (154)
8N f

where dpump is the pump spot diameter at the disk and f the focal length of the parabolic mirror. The
optimal scheme that is used in each particular application is a trade-off between the number of passes
needed, pump module size, and the quality and costs of the available pump source. Another aspect that
must be considered is the misalignment sensitivity of the pump optics and the related required
manufacturing precision. Figure 131 shows misalignment plots for various pump schemes. For an ideal
alignment, each pump spot perfectly overlaps in the center of the disk. However, practically, deviations
from the ideal situation occur: for example, the mirrors forming the mirror pairs may not be exactly
orthogonal to each other, or the mirror-pair intersects may not be perfectly orthogonal to the symmetry
axis.
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Figure 130: “Filling factor” F for various configurations versus number of passes N classified using the n xm
nomenclature and computed using the paraxial approximation. The n x 1 configuration represents the standard
layout of Figure 126, the TRUMPF design corresponds to the maximum of the n x 3 configuration, and the star
represents the 6 x 3 x 3 configuration of Figure 129 (c).
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These misalignments give rise to deviations of the various pump spots from the center of the disk. Because
of the rotation of the pump beam, compensation occurs while propagating in the standard pump optics
so that the deviations of the pump spots from the ideal position first increase and then decrease, as
indicated by the numbering in Figure 130. As the average deviation grows with the number of passes N,
well visible by comparing the red circles with the green squares, misalignment effects become more severe
for pump optics with large number of passes. However, in our design the large number of passes is reached
starting from a standard design with a small number of passes. Thus, the deviations caused by
misalignments are mitigated in our schemes compared with the standard design having the same number
of passes so that the presently used manufacturing precision is sufficient.

10.6. Particular example basedona 6 x 6
configuration with triangular input aperture

Realization of 72-pass pump optics resulting from a 6 x 6 configuration is presented in Figure 132. Two
large hexagonal mirror pairs, two small mirror pairs, and a flat end mirror are used in this configuration.
The hexagonal mirrors, placed as shown in Figure 132 (a) 140 (b), naturally give rise to the central aperture
necessary for the laser beam without the need for intensive manufacturing related with “internal”
cutaways as, e.g., necessary for the prisms of Figure 128 (d). The beam losses occurring at position 6 of
Figure 126 (b) or at position 50 of Figure 128 (c) at the mirror-pair intersects are not present in this
configuration because at position 36 we are simply using a flat mirror as back-reflector (when high power
is requested, frequently the commercially available pump optics based on the Figure 126 (b) design at
position 6 (or equivalent positions) is equipped with a back-reflector to avoid losses that would be caused
by the mirror-pair intersect.), qualifying this scheme for improved efficiency and power scaling.
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Figure 131: Example of a misalignment plot showing the deviation of the various pump beam passes at the position
at the thin disk for a departure of the angle between the two mirrors forming the first mirror pair (given in green
in all figures) by 2.5 mrad from 90 °. The parabolic mirror has a focal length of 200 mm. The red points represent
the deviation for the various passes in the standard 8 x 1 design with N = 16, the green squares for the standard
48 x 1 design with N =96, and the blue diamonds for our 8 x 6 configuration also with N =96. The numbering,
which for clarity has been applied only to the standard configurations, represents the pass number along the pump
beam propagation. Similar plots are obtained for other misalignments.
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The triangular input aperture, which is successively imaged on the various hexagonal mirrors, seems
strange for a pump optics design since the profile of commonly used homogenized pump radiation is
usually rotationally symmetric. However, when high pump power is required, several collimated parallel
beams could be combined to illuminate the triangular input aperture. The most homogeneous way to
illuminate the triangular input aperture is achieved by placing 3, 6, 10, 15 or more pump diode
homogenizer outputs on a hexagonal grid as shown in Figure 132 (c). Even though at the input-beam
aperture (far field) the various parallel beams are located at different positions, the parabolic mirror
merges them into a single round spot at the disk position. Large pump power density at the disk can be
reached in this way, with pump diameter given by the individual pump source outputs characteristics
(beam parameters product P).

Figure 132(a): 6 x 6 configuration yielding 72 passes based on hexagonal mirror-pairs. (b) 3D drawings of the mirror
pairs. These hexagonal-shaped mirror pairs are particularly suited for a triangular illumination that can be formed
by merging several collimated beams arranged on a hexagonal lattice as shown in (c) and imaging them after
appropriate magnification at the input beam triangular aperture (at position 1).

10.7. Conclusions

A general scheme for multi-pass 4f pump optics suited for thin-disk lasers has been presented here that
can accommodate a large number of passes while keeping the requirements for the pump source beam
quality moderate. A particular realization of this general scheme can be simply achieved by inserting a
small additional mirror pair at the input beam position of a standard pump design. In such a way, the same
pump optics can be operated, on the one hand, without this new additional mirror pair, for example, for
high energy pulsed pumping and thick disks. On the other hand, by inserting a mirror pair at the in-coupling
position tilted by 90 °, 60 °, and 30 °, the number of passes can be increased by factors of 2, 3, and 6,
respectively, for the case that larger numbers of passes are needed. Thus, it is straightforward to adapt
the number of passes to the given pump source quality and active medium properties. We also presented
some simple formulas that can be used to estimate the maximal beam parameters product that a pump
source must have, or the minimal parabolic mirror diameter, given a certain configuration and number of
passes.
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The increased number of passes achievable by using the schemes presented here, which is particularly
important for active media having small single pass absorption (due to smaller disk thickness, lower doping,
lower active medium absorption cross section, and smaller absorption bandwidth), yields increased
efficiency, enabling power scaling, lower lasing threshold, and development of a low-latency thin-disk laser
system for the 2S — the use of different materials.
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11. Appendix A: 2S-2P
resonances in p’He and p*He

In this appendix, we present the five resonances measured between the 2S and the 2P states in p*He and
p3He. Their linewidths are about 320 GHz at FWHM given by the lifetime of the 2P state. The absolute
position of the resonance is not given, as the results are only preliminary. The data analysis for the
2S1/2 - 2P3/; transition in u*He which is shown in Figure 133 is more advanced compared to the other
resonances shown in Figure 134, Figure 135 and Figure 136 which were obtained using the online analyzer
during data taking. We know from the analysis of the 2Si,, - 2P3/; transition in p*He that the signal to
background ratio of these resonances will increase by about a factor of two when the analysis will be
completed. For a detailed description of the analysis, the reader is referred to [76, 274].

The resonances were searched and scanned by stabilizing the laser frequency to a calibrated Fabry-Perot
peak and then shooting the laser for about 1-2 h to record the laser induced 8 keV X-rays. The laser
frequency was set to the same frequency point several times to average possible systematic effects related
with the performance of the laser system. In each point 5-20 h of statistics were accumulated depending
on the performance of the accelerator and of the laser system, the resonance addressed and the laser
frequency relative to the center of the resonance.
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Figure 133: 2Sy/; - 2P3/; resonance in pu*He (black points). The red curve is a fit to these points using a Lorenzian
line shape model. The final line shape model will account for fluctuations of the laser pulse energy. The hollow
circles are measurements of the background collected at the same conditions but for muons when the laser was
not fired. The background was fitted with a constant (black line).
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Figure 134: Similar to Figure 133 but for the 254/, - 2P1/; resonance in p*He. The resonance was obtained using the
online analyzer during data taking.
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Figure 135: Similar to Figure 133 but for the 2571, ; - 2PF23, resonance in u3He. The resonance was obtained using
the online analyzer during data taking.
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12. Appendix B: Interferometric
measurement of the thermal lens

In this section, we present the experimental aspects related with the quantification of the thermal lens
effect of a thin disk. A Twyman-Green interferometer [275, 276, 277], an imaging version of a Michelson
interferometer [278], has been used for this purpose. In short, the thin disk is placed in one arm of the
interferometer, and the reference mirror is placed in the other arm. The interferometric images resulting
from the interference of the two beams have been recorded for small variations of the distance of the
reference mirror, i.e. the interferometer was operated using the so-called phase-shift method [279, 280,
281]. In a next step, the position-dependent optical phase delay OPD(x, y) experienced by a laser beam at
the thin disk is retrieved from the interferograms. Finally, the OPD(x, y) is fitted with a second order
polynomial to extract the spherical component of the OPD which corresponds to the shape of the thin disk.

12.1.1. The Michelson interferometer

A sketch of a Michelson interferometer is displayed in Figure 137. An incoming laser beam is partially
reflected and partially transmitted at a beam splitter (BS). The transmitted laser beam moves towards the
mirror M1 (specimen, thin disk) while the reflected beam moves towards the reference mirror M2. Both
mirrors M1 and M2 back-reflect the impinging laser beams. The reflected beams travel back to the beam
splitter where each of them are partially reflected and partially transmitted.

As a result, there are two beams moving towards the detector and two beams moving back to the laser.
Each pair of beams interfere according the optical phase accumulated in the two interferometer arms.
Therefore, the measured intensity at the detector depends upon the difference of optical phase delay
accumulated in the two arms. The intensity depends thus on the path length difference d;-d,>where d; is
the distance BS-M1 and d; the distance BS-M2.

I

Reference
mirror M2
o L &
Laser 4
{ Beam
splitter
3 (BS)
1

\<7/ Detector

Figure 137: Michelson interferometer with the corresponding optical path.
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Let us assume that the laser beam incident on the beam splitter has an amplitude E; €“!. The two beams
leaving the beam splitter have an amplitude of \/Rgs Ey €!(®t*™ and /1 — Ry E, e!®t, respectively
where Rgs is the reflectivity of the beam splitter. We assumed for simplicity and without loss of generality
that both beams start from the beam splitter with phases equal to zero. The additional phase delay
described by the factor of e™ in the reflected beam is arising because the reflection occurs at the interface
between a medium with high refraction index and a medium of low refraction index with impinging and
reflected beam remaining in the medium with high refraction index (see Figure 137).

After propagating in the two arms and returning to the beam splitter, the two beams acquire a phase delay
that depends on the travelled path length so that their amplitudes before reaching the beam splitter are

EMl = 4/ 1 - RBS EO ei(wt_del) (155)

and
Ewyz = +/Rgs Eo ei(a)t—de2+71'), (156)

where k is the wave vector. Here we assumed a reflectivity of 100 % for the M1 and M2 mirrors. The
amplitudes of the two beams reaching the detector after reflection and transmission at the beam splitter
respectively are

E'y1 = Rps(1 — Rpg) Eq el(@t-kQ2di+ds) (157)
E’MZ — RBS(l _ RBS)EOei(wt—k(2d2+d3 )+m) ) (158)

where ds is the distance between the detector and the beam splitter. The reflection of the laser beam
travelling back from the mirror M1, does not produce any phase jump of e™ because in this case the
reflection occurs at the interface between a medium with low refraction index and a medium of high
refraction index, with impinging and reflected beam remaining in the medium with low refraction index.
Because the absolute value of both amplitudes is equal to

Eq = Eyy/Rps(1 — Rps) (159)

maximal interferometric contrast for any value of the reflectivity Rss is obtained. The total amplitude at
the detector position is given by the superposition of the two beams

Eppp = Ed[ei(wt—k(2d1+d3)) + ei@t-k@dzta)+m] = [, [1 n eZik(dl—d2+%)] eilwt-k@di+d))  (160)

As the detector can measure only intensities, we evaluate the intensity produced by the total amplitude
averaged over time

2
Lier = (|Evor|?) = 2E4° [1 + sin <27Tz(d1 - dz))] ) (161)

where A = 2rt/k is the laser wavelength. As visible from Eq. (161), the intensity depends on the path
difference d;-d, of the two arms of the interferometer. For a given value of A, l4et, Es and d, the distance d;
can be evaluated. However, no unique solution exists, but two sets of solutions each with a periodicity of
A/2. This is usually not a problem because we are typically interested in small variations of the path length
difference d;-d> and not in the absolute value of d;.
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In practice, uncertainties have to be considered: the laser intensity is not precisely known, the sensitivity
of the detector is usually not calibrated, there is background light and the mirrors M1 and M2 may not
have the same reflectivities, spoiling intensity and contrast of the measured interference pattern. Hence,
in the practical application the measured intensity takes the form

2
Iexp = Imean + Imoa SIN <27TZ (dl - dz)) ’ (162)

where the parameters Imeqn and Imoqs Need to be determined experimentally. By measuring the intensity /ex,
for various distances d; of the reference mirror M2, the three unknown parameters Imesn and Imog and ds - d>
(modulo A/2) can be extracted. The measured intensity at the detector shows a sinusoidal modulation for
variations of d, which can be fitted to extract the unknown parameters assuming that A is known. We also
assume here that the variations of d, are known. To extract these three parameters at least three
independent measurements for three different distances d, have to be performed.

Let us rewrite Eq. (162) using the total phase accumulated in the two arms: ¢ for the M1 arm and ¢ for
the M2 arm:

lexp = Imean + Imoa SIn(¢ — ). (163)

N measurements of the intensity /, = lexp,n at the detector position for different mirror M2 positions lead
to N equations of the form:
In - Imean

- sin(¢ — ¢p,) = sin(¢) cos(@,) — cos(¢) sin(p,) , (164)

where n runs from 1...N, and ¢, is the accumulated phase delay for the M2 branch for the various d;,
distances. By making use of two measurements (a and b) and combining two equations of the type of
Eq. (164) we obtain:

]mean(cos((pa) - COS(QDb)) + I cos(@g) — 1, cos(gp)
Lnoa sin(@, — @4)

sin(¢) = (165)

Imean(Sin((pa) - SiTL((Pb)) + Ib Sin((pa) - Ia Sin((pb) (166)
Lnoa sin(@p — @q)

cos(¢) =

where I,, I are the measured intensities, and ¢,, @, known phase shifts of the reference mirror M2. These
equations can be rewritten as

Lnoa sin(@g — @p) sin(¢) = Imean(cos(¢b) - COS((Pa)) + Igcos(@p) — Ipcos(pg)  (167)

Imoa Sin((pa - (pb) C05(¢) = Imean(Sin((pb) - 5in(¢a)) + IaSin((pb) - IbSin((pa)- (168)

Equations (167) and (168) are obtained using only two (independent) measurements. Similarly, Eq. (163)
for N measurements we obtain

N

N
sin(@) Inoa Z sin(@n — Pni1) = Z (Imean(cos(wrwl) - Cos(wn)) + I,c0s(@Pn41) — In+1cos(¢n)) , (169)
n=1

n=1

where we define @n.1 = @1 and Iy.1 = I;. Because
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N
(Imean (COS((pn+1) - COS((pn))) =0,
=1

n
Eqg. (169) simplifies to

N N (170)
sin(@) Lnoa Z sin(@n, — Q1) = Z(In c0s(Pn+1) — Insq COS((pn))-

n=1 n=1
Similarly to Eq. (168) from Eq. (164) for N measurements we obtain

N N

c0S($) Imaa ) 5100 = 9ns2) = ) (InSin(@ns1) = lnsasin(pn). (171)

n=1 n=1

Dividing Eq. (170) with (171) leads to [279, 280, 281]

sin(¢) _ g=1(1n cos(Pn+1) = Insq COS((pn)) (172)
cos(@)  IN_ (I sin(@n+1) — Insq sin(@,))

tan(¢) =

Therefore, the phase ¢ related to the interferometer arm containing the specimen (thin disk) can be
retrieved by measuring the intensities /, at the detector for various known phases @, of the reference
mirror M2.

As previously mentioned the minimal number of needed measurements is three. A larger number
increases the measurement precision. An optimal fitting of the sinusoidal function requires an equidistant
placement of the measurements for variations of d, up to A/2. Other algorithms to retrieve the phase can
be used even for unknown phase shifts [280, 281].

12.1.2. Twyman-Green interferometer

The Twyman-Green interferometer is the imaging version of the Michelson interferometer. As displayed
in Figure 138 in the Twyman-Green interferometer the specimen surface is imaged using a large aperture
lens to the detector that allows the recording of a 2D-intensity distribution. The detector thus records a
position dependent intensity distribution /(x,y) which can be used to reconstruct the “height-profile” of
the specimen surface. More precisely, the measured intensities /(x,y) can be used to retrieve the position-
dependent optical phase delay OPD = OPD(x,y) experienced by the laser beam when reflecting at the
specimen. The x,y coordinates denote the transverse (w.r.t. the laser beam direction) coordinate at the
specimen position.

For the realization of a Twyman-Green interferometer the laser beam has to be expanded, and large area
plane optics need to be used for the beam-splitter. These optics need to be flat in the region of interest as
any curvature would be misinterpreted as curvature (with opposite sign) of the specimen. The photodiode
used in the Michelson interferometer is replaced by a CCD-detector.

Following the same procedure as described in previous section, for N values of the distance d, of the
reference mirror M2 the corresponding 2D intensity profiles In(x,y) are measured. An example of such
intensity measurements is shown in Figure 139. The measurement of these interferograms and the

171




The thin-disk laser for the 25 — 2P measurement in muonic helium

Piezo Reference
mirror M2

Aperture

Laser

Beam
splitter
(BS)

specimen
(thin disk)

detector
(CCD)

Figure 138: Schematic view of a Twyman-Green interferometer. The specimen surface is imaged with a lens onto
the CCD detector.

Figure 139: Three phase-shifted interferograms of a pumped thin disk recorded with a CCD detector. The phase
unwrapping of these three intensity profiles /n(x,y) can be used to reconstruct the position-dependent OPD(x,y)
related to the thin disk.

knowledge of the phases ¢, of the reference mirror, allow reconstruction of a position-dependent phase

@(x, y). This is achieved using an adapted version of Eq. (172) [281]:

@) = o (1. Gy 5inlmes) — lnrs (o) sin(pn)

In=1(ln (6, ) c05(Pn11) = Ins1(x,¥) cos(gn)) (173)

From the phase ¢(x, y) it is then possible to reconstruct the position-dependent OPD(x, y) related to the

reflective specimen as detailed in the next section.
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12.1.3. Reconstruction of the OPD from interferometric measurements

To reconstruct the OPD at the specimen from the measured interferograms we perform following steps.
First, from the various measured intensity distributions I,(x,y) and ¢, we compute ¢(x,y) using Eq. (172).
Similar to the Michelson interferometer, the reconstructed phase can be known only modulo 27t. Thus, as
a second step, phase unwrapping is performed to deduce the position-dependent OPD(x,y). The working
principle of this unwrapping procedure is depicted in Figure 140 in 1D for the purpose of clarity. The panel
(a) shows the phase ¢(x), while the panel (b) shows the optical phase delay OPD(x) reconstructed from the
phase ¢(x). Without losses of generality it is assumed that the optical phase delay at x =0 is zero, i.e.
OPD(0) = 0. In this specific case for [x| < 1 the OPD is simply given by

oPp = 12020 (174)

The discontinuities visible in Figure 140 (a) arise from the fact that the phase can be reconstructed only
modulo 27t. These discontinuities are thus not related with physical “discontinuities” of the “height-profile
of the specimen. Hence, when reconstructing the OPD we have to require its continuity. This means that
the OPD over the whole region of interest has to be determined using following expression:

d(x) ; $(0) LK (175)

”

OPD(x) =2 )
where K is an integer number not known a priori. However, by requiring the OPD(x) to be a continuous
function, K can be fixed in for regions of continuous ¢ and by fitting several of these regions the OPD can
be reconstructed over the whole area of interest.

This unwrapping procedure can be generalized for the two dimensional case. In this case, the expression
to retrieve the OPD takes the form

0PD(x, ) = 225 Y) ; 9000) 11, (176)
1T 6-
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Figure 140: Example of the phase unwrapping procedure in one dimension to extract the position-dependent
OPD(x). The OPD at the origin has been assumed to be zero, i.e., OPD(0) = 0.
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This unfolding procedure is only possible when the OPD is adiabatically changing over the range of interest.
Large fluctuations caused for example by large defects of the specimen surface could spoil this procedure.
However, thin disk of sufficient qualities do not show these problems.

An example of an OPD of a pumped thin disk reconstructed from an interferometric measurement is
presented in Figure 141. Its shape in the central region is approximately spherical. In fact, when subtracting
its spherical component, the central region turns out to be flat as visible in Figure 142. This flat region
corresponds approximately to the pumped region. Therefore, the interferometric measurements confirm
the findings of the FEM simulations that within the pump region the thin disk can be accurately
approximated with a spherical lens. Hence, also the interferometric results confirm that to avoid the
excitation of higher-order beam components, the impinging laser beam should not exceed the pump
region.

12.1.4. The practical realization of the interferometer

Since we are interested in the thermal lens of the thin disk, the thin disk has to be characterized in running
conditions. For this purpose, the interferometer was realized within our laser and the pumped thin disk
was placed at the specimen position. A picture of the setup realized is shown in Figure 143. The
interferometric measurements were realized within the laser housing, i.e. in a thermally stabilized
surrounding. To reduce vibrations of the thin disk that would cause instabilities of the interference fringes,
a cooling system with stable water pressure and a pulsation damper was used.

As depicted in the Figure 138 and Figure 143 the Twyman Green interferometer includes a laser, a Galilean
telescope, the beam splitter, the two arms with the reference mirror and the specimen, an imaging lens
and a CCD detector. In the following, we describe some details needed for an adequate realization of the
interferometer.

v/ mm

X mm

Figure 141: OPD of a pumped thin disk soldered to a metallic heat sink extracted from interferometric
measurements after the phase unwrapping procedure. This OPD causes a defocusing of the impinging laser beam.
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X/ mm

Figure 142: Residual between the OPD shown in Figure 141 and its fit with a parabolic function (fitted within the
center of the pumped region). The flat profile in the central region demonstrates that in the central region the
pumped disk acts as a spherical lens. The deviations which start at the periphery of the pumped region correspond
to the aspherical (or higher-order) components denoted with ho(x) in Eq. (14). A defect (hot spot) is visible in the
vicinity of the center.

~, [rom pilot laser

beam splitter ‘ : : :

Figure 143: Picture of the interferometric setup.

e Thelaser

For the interferometric measurement, we used the single frequency thin-disk laser shown in Figure 144.
Due to the relatively short laser cavity of about 20 cm, single frequency operation was realized with a
single etalon with a thickness of 50 um. The laser wavelength was A = 1030 nm. Therefore, a spectral
separation between laser light and fluorescence light from the pumped disk was not possible. For this
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reason, to have a good signal-to-background ratio at the CCD detector, the laser was operated at a high
power (about 1 W).

¢ The Galilean telescope and the beam size

In the Galilean telescope, the laser beam was first expanded to be significantly larger than the area of
interest and then collimated. In this way, the area of interest at the specimen position is illuminated with
an approximatively homogeneous intensity profile. The beam waist at the concave mirror of the telescope
(see Figure 143) was much larger than the 1-inch mirror itself. This lead to a strong truncation of the
Gaussian beam resulting in a nearly flattop profile. With a diameter of 25 mm, the beam Rayleigh length
is in the km range, i.e. much larger than the propagating distances in the interferometer of about 1 m.
Therefore, the laser beam propagates basically collimated in both arms of the interferometer. The strong
truncation given by the aperture of the concave mirror of the telescope leads to a high-order Fresnel
diffraction pattern characterized by strong intensity modulations at the periphery of the beam. This effect
can be neglected as they are outside the relevant range. However, in addition, it generates intensity
minima and maxima at the beam center (similar to the point of Argo [282]) due to coherent interference
of the diffracted light. This strongly distort the fringe pattern in the region of interest.

The aperture of the collimating mirror projected perpendicular to the impinging laser beam is not perfectly
round because the laser beam is not orthogonal to the mirror surface. This causes a slight dephasing of
the diffracted light as visible in. As visible in Figure 145 (a), the intensity distortions shows no rotational
symmetric pattern and the intensity fluctuations are reduced significantly.

The placement of a serrated aperture [283] (shown in Figure 145 (b)) at the collimating mirror of the
telescope significantly increases the dephasing of the diffracted light. This reduces the distortions at the
beam center by orders of magnitude as shown in Figure 145 (c).

Figure 144: Picture of the single-frequency thin-disk laser used for the interferometric measurements. In operation,
the cavity was covered with an aluminum cover to minimize instabilities.
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Figure 145: (a) Intensity distribution at the CCD-detector when the interferometer arm with the reference mirror
M2 is blocked and without the serrated aperture at the concave mirror of the telescope. The structure with
rotational symmetry is the Fresnel diffraction pattern caused by the round (elliptical) aperture of the collimating
mirror of the telescope. The deviations from the rotational symmetry in the center are caused by the fact that the
aperture is not perfectly circular (in the projection perpendicular to the laser beam). (b) Picture of the serrated
aperture to suppress the “low-frequency” fringes caused by the Fresnel diffraction. (c) Same as in (a) but with the
insertion of a serrated aperture at the concave mirror of the beam expander. This measurement was done using
a different thin disk and a different laser intensity compared to (a).

The collimated beam is chosen to be smaller than the following optics to avoid diffraction effects at these
elements. Because of this, the beam splitter and the imaging lens were chosen to be 2” in diameter.
Contrarily, the size of the reference mirror M2 and the size of the thin disk is irrelevant because these two
elements are imaged into the CCD-detector (at the image position the fringe pattern is suppressed).

e The beam splitter

The beam splitter is the central element of the interferometer. Independently of the interferometer design,
both beams, the one travelling in the reference arm and the one travelling in the thin disk arm, experience
one reflection and one transmission at the beam splitter (see Figure 146). As a result, independently of
the reflectivity of the beam splitter the relative intensity of the two interfering beams at the CCD detector
is equal provided the reflectivity of the specimen (thin disk) and reference mirror (M2) are equal. Maximal
contrast is thus always guaranteed. Maximal intensity at the CCD-detector on the contrary is reached when
the reflectivity of the beam splitter is 50 %. However, lower beam splitter reflectivities are advantageous
because they suppress the background arising from the fluorescence light produced in the disk relative to
the power of the illumination laser reaching the CCD detector.

The beam splitter is based on an extended glass substrate. One side has a partly reflective (PR) coating and
therefore is the actual beam splitter, and the other side has an anti-reflective coating (AR). As an AR coating
cannot fully suppress reflections, the substrate is wedged so that the residual reflections do not disturb
the measurement (see Figure 146).

A collimated beam passing a wedge does not acquire any astigmatism [150]. Therefore, as the illumination
beam at the beam splitter position is collimated, the usage of a wedged beam splitter seems uncritical.
However, as we probe the position-dependent phase and amplitude distortions of the specimen, the beam
reflected from the specimen has to be considered as a superposition of beams from point sources. Thus,
it seems that a wedge beam splitter introduces astigmatism to the imaging. This problem can be
suppressed by orienting the beam splitter so that the beam from the specimen is reflected towards the
camera without crossing the substrate (see Figure 146).

177
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PR
R=4-50%

Laser -

/ Beam

~.__ / splitter
-~y Detector

Figure 146: Details of the beam splitter used in the interferometer (PR = partial reflective, AR = anti reflective).

The beam splitter needs to have a large aperture and a homogeneous reflectivity. To maximize the usable
aperture of the beam splitter in the practical realization we arranged it so that the angle of incidence of
the input laser beam is about 10 - 30 ° relative to the normal of the beam splitter surface as shown in
Figure 146, and not at 45 ° as shown in the scheme of Figure 137.

The beam splitter needs to be flat as the curvature of the beam splitter fakes a curvature of the specimen
of twice the strength. Assume for example that the PR coating in Figure 146 has a convex shape. In this
case, the bended PR coating acts as a focusing element for the beam coming from the laser and being
reflected to the reference mirror and as defocusing element for the beam coming from the specimen and
being reflected to the detector. Thus, the focal strength of the beam splitter PR coating contributes twice
to the interferometric measurement. As a result, when the measurement precision < A/x of the specimen
has to be reached, the beam splitter needs to be manufactured to a precision of <A/2x.

Yet, when merely the thermal lens effect of the thin disk needs to be determined, we are only interested
in the difference of two interferometric measurements at pumped and at unpumped conditions. As the
curvature of the beam splitter and reference mirror do not change in between the two measurements,
their influence is cancelled out in the subtraction procedure.

12.1.5. Principle and setup of the space-resolved gain measurement

The above presented interferometric setup can be slightly modified to perform space-resolved gain
measurements of the thin disk. In fact, the illumination laser we are using in the interferometric setup
operates at a wavelength of 1030 nm i.e. the wavelength of maximal gain for Yb:YAG. For the
measurement of the gain, three intensities distributions /,(x,y) have to be acquired with the CCD detector:

e [i(x, y) is the intensity distribution acquired using the setup shown in Figure 147 (d) where the
beam travelling to the reference mirror M2 is blocked.

e Iy(x, y) is the intensity distribution acquired without any laser beam as shown in Figure 147 (e).
This image is used to quantify the background arising from the fluorescence of the thin disk.

e I3(x, y)is the intensity distribution acquired using the setup shown in Figure 147 (f) where the beam
travelling to the thin disk is blocked. This image is used to normalize the laser intensity (and other
background sources).
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The space-resolved gain is then given by

(x )=11(x'}’)_12(x;J/) (177)
gLy 13(ny) .

The intensity distribution /3(x,y) serves as a normalization because as we have seen previously the
intensities of the two laser beams at the detector position after having travelled the two arms of the
interferometer are identical (provided the reference mirror M2 and the thin disk have the same
reflectivity). When measuring the intensity distribution /;(x,y) both the laser amplification and the
fluorescence from the disk are recorded. The background produced by the fluorescence light must be
subtracted by performing the measurement of the intensity distribution /5(x,y). The gain measurements
shown in Figure 22 and 23 have been acquired using this setup and Eq. (176)

1 Reference [ Reference Reference

Thin-Disk Nin-Disk Thin-Disk

Laser H Laser —I ‘ Laser I ]

Detector Detector Detector
(d) (e) (f) \<7

Figure 147: Setup and intensity distributions used to measure the position-dependent gain at the thin disk. The
panel (a) shows the intensity distribution /;(x,y) acquired using the setup sketched in (d) for beveled thin disk
soldered on a metallic heat sink. In this measurement, the pump spot was not perfectly aligned with the thin disk
axis. The panel (b) shows the intensity distribution /5(x,y) acquired using the setup sketched in (e). The panel (c)
shows the intensity distribution /3(x,y) recorded using the setup sketched in (e). The black optical elements
represent 100 % absorbers.
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