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Kurzfassung

Laser haben vielfiltige Anwendungen, unter anderem in der Medizin, Messtechnik, Material-
bearbeitung, Telekommunikation und Verteidigung. Je nach Anwendung variieren die spezifis-
chen Anforderungen an die Laserquelle in Bezug auf die Laserparameter wie Leistung oder
Emissionswellenlinge. In den letzten Jahrzehnten wurde ein hoher Aufwand fiir die Forschung
und Entwicklung von Laserquellen betrieben, die im 1 pm-Bereich emittieren. Dies wurde durch
ein starkes industrielles Interesse und die fiir bestimmte Anwendungen giinstigen Eigenschaften
der Lasermaterialien in diesem Bereich vorangetrieben. In jlingster Zeit hat auch die Forschung
an Laserquellen im 2 um-Bereich ein zunehmendes Interesse geweckt, da damit spezifische
Absorptions- und Transmissionscharakteristiken von Materialien oder der Atmosphire aus-
genutzt werden konnen. Neben Anwendungen, die eine Ausbreitung im freien Raum erfordern,
finden diese Laser auch eine Anwendung in der Materialbearbeitung oder Medizin, ebenso wie

bei ihrer nichtlinearen Konversion in den mittleren Infrarotbereich.

Im 2 um-Bereich wird derzeit sowohl an Faserlasern wie auch an Kristalllasern, jeweils
dotiert mit Thulium- oder Holmium-Ionen, geforscht. Holmium-dotiertes Yttrium-Aluminium-
Granat (Ho?*:YAG) erweist sich auf dem Gebiet der Festkorperlaser aufgrund seines effizien-
ten Pumpschemas, seiner langen Lebensdauer des oberen Zustands sowie der guten thermo-
optischen Eigenschaften und des ausgereiften Herstellungsprozesses des Wirtsmaterials als
besonders vielversprechend. Ein Grofteil der Forschung hat sich dabei auf die Untersuchung
der Materialeigenschaften, Lasern mit verschiedenen Resonatorgeometrien und Pulserzeu-
gungsmechanismen sowie Laser-/Ver-stirker-Kombinationen zur Leistungssteigerung konzen-
triert. Um die Forschung an Ho?t:YAG-Lasern weiter voranzutreiben, konnen Konzepte, die
sich bei anderen Materialien, beispielsweise Nd3*:YAG, bewihrt haben, auch auf Ho®*:YAG-

Laser angewendet werden. Hier sind eingehende Untersuchungen und Experimente erforderlich,
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um festzustellen, ob die libertragenen Konzepte zu verbesserten Eigenschaften der Laserquel-

len fiihren.

In dieser Arbeit wird zunichst die Leistungsskalierung von Ho3*:YAG-Lasern unter dem
Gesichtspunkt eines verbesserten Temperaturmanagements innerhalb des Laserkristalls durch
eine segmentierte Dotierung betrachtet. Das Ziel einer solchen segmentierten Dotierung besteht
darin, eine gleichméfBigere Absorption des Pumplichts zu erzeugen, um niedrigere Spitzen-
temperaturen und damit auch geringere thermische Verspannungen zu erzeugen. In diesem
Kontext werden segmentierte Kristalle theoretisch beschrieben, um mithilfe einer numerischen
Optimierung ein optimales Design fiir sie zu finden. Obwohl mit dem segmentierten Kristall
eine Reduktion der maximalen Kristalltemperatur gezeigt werden kann, wird im Gegensatz
zu anderen in der Literatur untersuchten Lasermaterialien bei Ho?*:YAG keine Verbesserung
der Laserperformance festgestellt. Dies wird auf die im Vergleich zu Publikationen basierend
auf Nd>+:YAG-KTristallen deutlich niedrigeren Temperaturen im Laserkristall zuriickgefiihrt,
die aus den ausgezeichneten thermischen Eigenschaften von Ho3T:YAG resultieren. Im
Hinblick auf die Leistungsskalierung wird neben der segmentierten Kristalldotierung auch
ein Laser-/Verstéarkersystem untersucht. Bei der Untersuchung verschiedener Pumpschemen
erweist sich das Kopumpen als das Pumpschema mit der hochsten differenziellen Effizienz
von fast 70 %. Da die héchste Pumpleistung im beidseitig gepumpten Schema verfiigbar ist,
ermoglicht dies eine Skalierung der Ausgangsleistung um den Faktor 2 auf iiber 120 W und
stellt somit einen vielversprechenden Ansatz dar, wenn sowohl eine Leistungsskalierung als

auch eine Erhaltung der Strahlqualitét gewiinscht sind.

Neben der Leistungssteigerung wird auch die Verbesserung der mechanischen Stabilitit durch
die Verwendung von Porro-Prismen anstelle der Resonatorendspiegel untersucht, um so den
Einsatz in anspruchsvollen Umgebungen zu ermoglichen. Die Untersuchung der Prismen zeigt,
dass fiir einen Einsatz im Laserresonator eine hohe Qualitét der Prismenkante ausschlaggebend
ist. Zudem ist es essenziell, ein geeignetes Resonatordesign zu finden, welches zu den kleinen
Modendurchmessern passt, die zum einen aufgrund der Quasi-Drei-Niveau-Eigenschaft des
Laserkristalls und zum anderen aufgrund der Bedingung einer guten Strahlqualitiit erforderlich
sind. Dazu wird in dieser Arbeit ein teleskopisches Design vorgeschlagen, wodurch der Laser bei
deutlich hoheren Ausgangleistungen als bisher in der Literatur gezeigt betrieben werden kann.
Dariiber hinaus vergroBert sich die Justagetoleranz bis zu einem Faktor von 200 im Vergleich

zu einem als Referenz dienenden konventionellen Spiegelresonator.

ii
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Aufgrund der ausgezeichneten Eignung von Ho®*:YAG-Lasern fiir das Pumpen von optisch
parametrischen Oszillatoren basierend auf Zink-Germanium-Phosphid wird im letzten Teil
der Arbeit ein solcher Oszillator ausgelegt und optimiert. Durch das Einfiigen einer nega-
tiven Linse in den Resonator konnen Pump- und Resonatormode so aneinander angepasst
werden, dass eine signifikante Verbesserung der Strahlqualitét erzielt wird. Diese Strate-
gie spielt vor allem bei der Verbesserung der Brillanz der optisch parametrischen Oszil-
latoren eine zentrale Rolle, insbesondere wenn Pumpquellen mit einer hohen Pulsenergie
verwendet werden.

il






Abstract

Lasers have diverse applications including medicine, metrology, material processing, telecom-
munications, and defense. Depending on the application, the specific requirements for the laser
source vary in terms of the laser parameters like power or emission wavelength. Driven by a
high industrial interest and favorable properties of the laser materials emitting in the 1 um range,
a high effort has been devoted to the research and development of laser sources emitting in this
region in the last decades. More recently, research on laser sources in the 2 um range has gained
increasing attention, as it allows for the exploitation of specific absorption and transmission
characteristics of materials or the atmosphere. In addition to applications requiring free space
propagation, these lasers also find applications in material processing or medicine, as well as in

their nonlinear conversion to the mid-wave infrared range.

In the 2 um range, research currently advances on both fiber and crystal lasers doped with
thulium and holmium ions. Holmium-doped yttrium aluminum garnet (Ho?>*:YAG) is a partic-
ularly promising material in the field of solid-state lasers due to its efficient pumping scheme,
its long upper-state lifetime as well as its excellent thermo-optic properties, and the mature
manufacturing process of the host material. A significant part of the research has focused
on the investigation of its material properties, lasers with different resonator geometries and
pulse generation mechanisms as well as master oscillator power amplifier (MOPA) systems
for power scaling. To further push the research on Ho®>*:YAG lasers forward, concepts proven
successful with other laser materials, e.g. Nd>*:YAG, can be applied to Ho?>*:YAG lasers.
In-depth investigations and experiments are necessary to determine the extent to which these

transferred concepts lead to improved properties of the laser sources.

In this work, the power scaling of Ho3T:YAG lasers is initially investigated from the perspective

of an improved temperature management within the laser crystal through a segmented doping
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concentration. The goal of a segmented doping concentration is to achieve a more uniform
absorption of the pump light, resulting in lower peak temperatures and reduced thermal stresses.
In this context, segmented crystals are theoretically described to enable their optimal design
through numerical optimization. Although a reduction in the maximum crystal temperature
can be demonstrated with the segmented crystal, unlike experiments with other laser materials
investigated in the literature, no improvement in laser performance is observed in the case
of Ho?*:YAG. This is attributed to the significantly lower temperatures in the laser crystal
compared to publications based on Nd3T:YAG crystals, resulting from the excellent thermal
properties of Ho>t:YAG. Regarding further power scaling, a MOPA system is investigated in
addition to a segmented doping concentration. Among different pumping schemes, co-pumping
proves to be the most efficient pumping scheme with the highest slope efficiency of almost
70 %. As the highest pump power is available in the dual-end-pumping scheme, this enables an
output power scaling by a factor of 2 to over 120 W, making it the most promising approach

when both power scaling and a beam quality preservation are desired.

In addition to power scaling, the improvement of the mechanical stability through the use of
Porro prisms instead of the resonator end mirrors is investigated, which aims to enable the
operation of the laser in demanding environments. The investigations of the prisms indicate
that high-quality prism apexes are crucial for their use in laser resonators. It is also essential to
find a suitable resonator design that matches the small mode diameters required due to both
the quasi-three-level nature of the laser crystal and the requirement of a good beam quality. In
this work, a telescopic design is proposed, which allows the laser to be operated at significantly
higher output powers than previously shown in the literature. Furthermore, the alignment
tolerance is enhanced by a factor of up to 200 compared to a conventional mirror resonator

serving as a reference.

Due to the excellent suitability of Ho?*:YAG lasers for pumping zinc germanium phosphide
based optical parametric oscillators (OPOs), the last part of the thesis focuses on the design and
optimization of such an oscillator. By inserting a negative lens into the resonator, the pump
and resonator mode matching is improved, resulting in a significant enhancement in beam
quality. This strategy plays a central role in improving the brightness of OPOs, especially when

high-pulse-energy pump sources are used.

vi
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1 Introduction

Since the demonstration of the first ruby laser by Theodore Maimain in 1960, a wide variety
of laser materials has been investigated, spanning the wavelength range from the ultraviolet
over the mid-wave infrared (MWIR) region to the THz range [1]. Lasers have become an
integral part of modern life with plenty of applications in the fields of medicine, material
processing and manufacturing, optical metrology, lidar sensor technologies as well as everyday
devices like laser printers, barcode readers, laser pointers, and the internet. In the last decades,
a wide variety of laser gain media has been extensively studied, and driven by a substantial
industrial interest, lasers emitting around 1 um have been pushed to their limits [2]. This mainly
encompasses Nd®*- and Yb?*-doped solid-state and fiber lasers, which find applications in
laser drilling, welding, cutting, and marking, among other things [3-6]. Considering that 1 um
lasers have already become a mature technology, research on lasers in other wavelength ranges,
particularly in the 2 um region, becomes relevant not only due to scientific curiosity but also for

other reasons.

The 2 um range offers distinct properties that cannot be achieved with other wavelengths, due
to specific transmission and absorption characteristics of the atmosphere and certain materials.
Firstly, materials that are transparent around 1 um can have absorption features around 2 um,
facilitating direct laser processing [7]. This, for example, applies to biological tissue or plastics,
which become processable without absorptive additives in the material [8]. Secondly, free
space applications including wind and chemical sensing, active imaging, or range finding,
among others [9-11], can be realized with 2 pm lasers, as an atmospheric transmission window
is located around 2.2 um (see Figure 1.1). In addition, Rayleigh scattering is significantly
diminished at the longer 2 um wavelength, making these lasers especially well-suited for
applications requiring long propagation paths through the atmosphere. In contrast to 1 um lasers,

using 2 um lasers for free space applications comes with another advantage: their eye-safe
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Figure 1.1: Atmospheric transmission in the 2—6 um range. The data were produced by the IRTRANS4 program and
obtained from the UKIRT worldwide web pages [17].

nature [12]. While 2 pm radiation is absorbed in the vitreous body of the eye, light from a 1 um
laser is absorbed in the retina, causing irretrievable damage [8]. Furthermore, 2 um lasers serve
as excellent pump sources for nonlinear down-conversion into the 3—5 um range mainly for two
reasons: Firstly, the converted light is entirely located in the 3—5 um wavelength range, whereas
with a 1 um pump source only a portion of the converted light is in this wavelength range.
Secondly, only 2 um pump light enables the use of nonlinear crystals with a high nonlinear
coefficient that are transparent over the entire 3—5 um range but cannot be pumped with a
1 pm source due to strong absorption at this wavelength [13]. In addition to the 2 um light,
the 3-5 um wavelength range is of particular interest for remote sensing, defense applications,
and free space optical communications due to the atmospheric transmission window around
3—5um [14-16]. Figure 1.1 illustrates the atmospheric transmission from 2—6 um, highlighting
the transmission windows around 2.2 ym and 3-5 um in blue.

Laser sources emitting around 2 um are mainly Tm3*- and Ho3*-doped solid-state and fiber
lasers. An advantage of Tm3*-based lasers is their ability to be pumped with compact laser
diodes, whereas Ho3*-doped solid-state lasers stand out due to their significantly higher
emission cross-section, making them well-suited for generating short pulses. This thesis focuses
on holmium-doped yttrium aluminum garnet (Ho3":YAG) crystal lasers, as they have a number
of favorable properties. Firstly, the host material yttrium aluminum garnet (YAG) exhibits

excellent thermo-optic properties and benefits from a mature fabrication process [18]. Secondly,
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the 5Ig — 517 transition in Ho3T:YAG lasers can be resonantly pumped by Tm3*-doped lasers
emitting at 1908 nm [19]. Due to a high quantum efficiency of around 91 %, the heat generation
is significantly lower than, for example, in Nd3*:YAG, which is typically pumped at 808 nm
and emits at 1064 nm, resulting in a quantum efficiency of 76 %. In addition, a long upper-state
lifetime of 7.8 ms, which is roughly an order of magnitude higher than in Nd3* and Yb3™,
enables a high energy storage capacity, which is favorable for Q-switching [20]. These features
make Ho3T:YAG a promising candidate for the power and energy scaling in the 2 um region.
A challenge for the optimization of Ho3":YAG lasers is their quasi-three-level nature, which
requires a pump threshold to be overcome prior to lasing due to reabsorption at the laser
wavelength [20]. This necessitates small pump diameters to achieve high pump intensities
and ensure an efficient operation, which leads to challenges that will be adressed later on

in detail.

To provide context, a brief overview over the history of Ho?*-based crystal lasers is given in
the following passage. The first Ho?T-doped flashlamp-pumped crystal laser was introduced as
early as 1965 [21]. Up to now, flashlamp-pumped Ho3*-doped lasers have widely been used
in medical lasers [22]. However, their efficiency is limited due to an inefficient absorption.
In addition to flashlamp-pumping, diode-pumping of Tm>*+-codoped Ho?*:YAG lasers was
investigated in the 1980s [23]. Due to detrimental interionic processes generating additional heat
in these codoped crystals, direct pumping with Tm>*-doped lasers paved the way for the further
optimization of Ho3T:YAG lasers [8, 19]. Over the past 20 years, significant progress has been
made in the development of Ho?>*:YAG lasers. The following passage summarizes some of
them with a particular focus on highly-repetitive systems. Notable achievements include an
exceptional slope efficiency of 80 %, demonstrated by Mu et al. in a four-pass end-pumped
continuous wave (CW) Ho3+:YAG laser with an average output power of 18.7 W [24]. In terms
of a high output power, Yao et al. achieved a CW output power of 142 W with a single crystal
single-end-pumped by a 1931 nm Tm3*-doped fiber laser, thus resulting in a comparably low
slope efficiency of 56.7 % [25]. Duan et al. developed a more complex setup involving two
slab crystals, both dual-end-pumped, and achieved an output power of 146 W [26]. In recent
years, several Q-switched high-power lasers have been presented. With a single Ho?T:YAG
crystal in a double-pass pumping scheme, Lippert et al. demonstrated an average output power
of 42 W at 45 kHz repetition rate in 2010 [27]. Two years later, Shen et al. further increased
the output power to 58.7 W by employing a dual-end-pumping scheme with two Tm?*+-doped
fiber lasers [28]. Further power scaling to an average output power above 100 W was achieved
with the same pumping scheme by Duan et al. in 2018 [29] and by Liu et al. in 2021 [30]. The
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highest Q-switched average output power of 141 W was achieved with the laser containing two
dual-end-pumped slab crystals, producing 2.8 mJ pulses with a duration of 39 ns [26]. In terms
of pulse energy scaling at high average output powers, Ganija et al. presented impressive results
in a cryogenically cooled setup. At a repetition rate of 100 Hz, they achieved 80 ns pulses with

an energy of 470 mJ, corresponding to an average power of 47 W [31].

The majority of lasers discussed in the previous passage adhere to conventional crystal and
resonator designs. In particular with regard to more advanced designs that have already been
investigated with other laser materials in the literature, there is a noticeable lack of research
on Ho3*:YAG lasers. This includes innovative techniques such as using crystals with a vary-
ing doping concentration along the crystal axis as well as the implementation of prism based
resonators [32, 33]. The objective of this thesis is the investigation and optimization of highly-
repetitive Ho>*:YAG lasers, aiming for a near-diffraction-limited beam quality and a nonlinear
conversion to the MWIR range. The focus is particularly on power scaling and enhancing
the mechanical stability through novel approaches. Both theoretical considerations and ex-
perimental studies are employed to explore these approaches. This involves the numerical
modeling of laser resonators, theoretical analysis of the novel components’ properties, and
characterizing the unique properties of these components in experiments. These characteriza-
tions are intended to provide insight into the optimal utilization of these new components in

laser resonators.

After a thorough investigation of both the components and laser resonators, this thesis is intended

to provide information on the following key points:

1. Strategies for power scaling of Ho?>*:YAG resonators with a near-diffraction-limited
beam quality:
For the power scaling, it is essential to understand the thermal properties inside the laser
crystal and evaluate how an improved thermal management inside the crystal influences
the performance of the laser. Additionally, the optical gain properties of a master oscillator
power amplifier (MOPA) system are investigated to provide insight on the power scaling

capability of such a system.

2. Increase of the mechanical stability by employing a prism based resonator design:
The objective is to acquire a comprehensive understanding of the fundamental properties
of Porro prisms in relation to their utilization in laser resonators to design resonators that

are robust against mechanical instabilities.
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3. Application of a suitable Ho®>":YAG source for pumping a zinc germanium phos-
phide (ZGP) optical parametric oscillator (OPO):
In addition to identifying optimal pump parameters, the objective is to thoroughly
investigate the power scaling capabilities and beam quality of the OPO. Moreover,
strategies for improving the resonator geometry with regard to an enhanced beam quality

are examined.

Outline of the Thesis

In Chapter 2, the essential theoretical foundations that underly this thesis are established. It
begins with providing a general overview of the laser principle, followed by an explanation of the
properties of rare-earth doped crystal lasers and the generation of highly-repetitive Q-switched
pulses using an acousto-optic modulator (AOM). Additionally, the theoretical framework for
the nonlinear conversion into the MWIR range is established, encompassing the nonlinear wave

equation and the working principle of OPOs.

In Chapter 3, the theoretical and experimental methods employed in this thesis are presented.
Emphasis is set on the numerical simulation and the experimental determination of the thermal
lens. Furthermore, the measurement devices and methods are described, and a comprehensive
characterization of a Ho®*:YAG resonator is conducted using these techniques. Finally, the
thermal blooming of the pump beam is qualitatively investigated, as this effect can have a

detrimental effect on the performance of the Ho3*:YAG resonators.

Chapter 4 is dedicated to the power scaling of Ho?*:YAG lasers. The investigation focuses on
how an improved temperature management in the crystal offers opportunities for power scaling.
Additionally, the power scaling is investigated in a MOPA setup, with a particular focus on
investigating the optical gain properties.

In Chapter 5, Porro prisms are investigated theoretically and experimentally regarding their
reflective properties and apex characteristics. Different Porro resonators are subsequently
examined with a focus on the power scaling and the alignment tolerance.

Chapter 6 presents results on a ZGP OPO pumped by the laser investigated in Chapter 4. In
addition to investigating the impact of different pump parameters on the performance of the
OPO, a novel design is introduced to enhance the beam quality, thereby increasing the brightness

of the coherent source.




1 Introduction

Finally, Chapter 7 concludes with a summary of the key findings and provides indications for

further research on Ho31:YAG lasers and their nonlinear conversion.




2 Theoretical Fundamentals

This chapter describes the theoretical background to understand crystal lasers and OPOs. It
begins with an explanation of the basic laser principle in Section 2.1, followed by a more
detailed view on holmium-doped crystal lasers in Section 2.2, including the development of
energy levels, the laser rate equations, and thermal lensing. In particular, the quasi-three-level
laser material Ho3 :YAG is considered here. In Section 2.3, Q-switching is described as a
method for generating pulses in the ns regime. Finally, fundamentals of OPOs as a way to
convert the 2 um laser radiation to the 3—5 um spectral region are explained in Section 2.4 while

setting the focus to the nonlinear crystal ZGP.

2.1 Basic Laser Principle

The laser principle is based on the optical amplification by stimulated emission (see Sec-
tion 2.1.1). This requires an inversion in the laser medium (see Section 2.1.2), which is

generated by pumping the laser medium.

2.1.1 Optical Amplification

The underlying principle of a laser (acronym for Light Amplification by Stimulated Emission
of Radiation [34]) is based on the interaction of light with the energy levels of an atom, ion, or
molecule. In 1958, Schawlow and Townes theoretically developed the principle of the laser,
which emits radiation in the optical and infrared spectral range, based on the principle of a
maser, which was first demonstrated in 1954 [35, 36]. In addition to stimulated emission, which

amplifies the incoming photons, absorption and spontaneous emission play a central role in the
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Figure 2.1: Schematic representation of the fundamental processes (a) absorption, (b) spontaneous emission, and (c)
stimulated emission (adapted from [38]).

light-matter interaction. These three processes are closely related and all of them are relevant

for the operation and understanding of a laser.

To explain these processes in detail, Figure 2.1 shows the interaction of a photon with a two-level
system. The two-level system consists of two energetic states, the ground state |1) with energy
E; and the excited state |2) with energy Fs. The incoming photon is assumed to have an energy
of AE = hv = F5 — E7. When the electron is in the ground state and the photon is incident
on the two-level system, it is absorbed with a probability proportional to the Einstein coefficient
B2 and the electron is transferred to the excited state (see Figure 2.1(a)) [37]. In the process
of spontaneous emission, an electron in the excited state transitions to the ground state with
a probability proportional to the Einstein coefficient As; while a photon with energy AFE is
emitted from the two-level system. The cause for this process are vacuum fluctuations, which
result directly from Heisenberg’s uncertainty relation AE - At > % stating that a photon with
energy AE = hv can exist for a short time period At < ﬁ. When a photon is incident
on a two-level system in its excited state, stimulated emission occurs, which is described
by the Einstein coefficient Bs;. This means that the electron transitions to the ground state
while emitting another photon that has identical properties (wavelength, phase, polarization,

propagation direction) as the incident photon [37]. [38, 39]

In a laser, the stimulated emission process is used by placing a gain medium, which provides the
necessary energy level structure and inversion, inside a resonator (see Figure 2.2). In the simplest
case, a resonator consists of two parallel end mirrors, one of which is highly reflective (HR)
and the other is partially reflective, therefore it is referred to as output coupling (OC) mirror.
Initially, the gain medium spontaneously emits photons, which are reflected back and forth in
the resonator. With each pass of the gain medium, they are amplified by stimulated emission
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HR ocC
Gain medium ! ;
R-1 R-1

Figure 2.2: Schematic representation of a simple ideal laser resonator. The photons are amplified with each pass through
the gain medium. The OC mirror is partially reflective which allows some of the photons to leave the
resonator (adapted from [38]).

and a fraction is coupled out of the resonator at the OC mirror. In a stable laser operation, the
photon density must reproduce itself after one cavity round-trip. Consequently, the following
relation must hold true

RirG?Roc(1—AN) =1 & G = (RurRoc(1—A))" 2. @2.1)

Ruyr and Roc are the reflectivities of the HR and OC mirror, (7 is the relative increase of
the optical signal when the gain medium is passed once and A are all other parasitic cav-
ity losses. [38]

When the incoming light passes the gain medium once, it experiences the effective gain
G(2,A) = exp (0e(A) N2 — 04(A)N1) . (2.2)

In this equation, N, and N are the population densities of the ground and excited state and o ()
and o, (\) are the emission and absorption cross-sections at the wavelength A, respectively. Am-

plification occurs when the condition G > 1 is met. This is equivalent to

oa(N)

-
27 5V

N;. (2.3)

In the simple two-level system from Figure 2.1, the absorption and emission cross-section are
equal, simplifying Equation (2.3) to N2 > Nj. This, however, can neither be fulfilled in thermal
equilibrium nor under optical pumping, as the symmetry between stimulated emission and
absorption is broken by spontaneous emission. [38] Consequently, more complex energy level
schemes like three- and four-level systems are required to generate a population inversion and

to achieve an optical amplification.
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2.1.2 Creation of Population Inversion

Figure 2.3(a) depicts an exemplary three-level system with the energy states |1),

2), and |3) and
the respective energies F;, E5, and E/5. Under optical pumping, electrons are excited to energy
level |3) at a pump rate W,. From level |3) to level |2), the electrons relax in a fast radiationless
process via the interaction with phonons. Between the energy levels |1) and |2), three processes
take place: stimulated emission with a probability W4, reabsorption on the laser wavelength
with a probability W51, and spontaneous emission with a probability A;5. Because the lower
laser level |1) is populated in this type of three-level laser, an inversion requires at least half of
the total population to be pumped into the upper laser level. Additionally, spontaneous emission
leads to a depopulation of the upper laser level, which is especially pronounced in laser media
with short upper-state lifetimes. Therefore, high pump intensities are required, which decreases
the overall optical efficiency of this type of laser. Furthermore, because the lower laser level is
populated, reabsorption at the laser wavelength occurs, which, however, saturates in the case of
high laser intensities. [38, 39]

Figure 2.3(b) shows a four-level system with the energy levels |1), |2), |3), and |4). When a
four-level laser is pumped at a pump rate W}, electrons are excited from level |1) to level |4).
Between level |4) and level |3) and between level |2) and level |1), fast decays via phonon
interactions take place. Therefore, level |4) and level |2) are assumed to be unpopulated, thus
reabsorption on the laser wavelength (with a probability Ws3) does not play a role in four-level
2), and |3):
stimulated emission between level |3) and |2) with a probability W35 and spontaneous emission

lasers. Like in a three-level laser, three processes take place between the levels 1),

from level |3) to level |2) and to level |1) with probabilities Aze and As;, respectively. Four-

(a)

13)
12) 13)

W32 W23 A32
W W21 W12 A21

)
Ay
1) 1) 7

Figure 2.3: Energy level schemes of (a) an exemplary three- and (b) a four-level laser.
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level lasers have a crucial advantage over three-level lasers: Because the lower laser level |2) is
unpopulated, an inversion is created even for low pump intensities. Consequently, these laser
media exhibit the lowest pump thresholds. [38, 39]

2.2 Ho’*-Doped Crystal Solid-State Lasers

In this thesis, holmium-doped crystal lasers, which belong to the quasi-three-level lasers, are
investigated. This section describes the development of energy levels when a crystal host
material is doped with holmium ions in Section 2.2.1. Building on that, the basic laser rate
equations are derived in Section 2.2.2, followed by an overview over the contributions that lead

to thermal lensing in Section 2.2.3.

2.2.1 Development of Energy Levels

Because the preferred optical transitions occur in laser-active ions, they are embedded in a
host material. As host material, glasses, ceramics, or crystals, which are characterized by a
particularly regular environment, are used. The host material is either doped with divalent
transition-metal ions or with trivalent rare-earth ions like Nd®*, Tm3*, Er®t, or Ho®* [40],
which belong the chemical group of lanthanides [39]. The energy level splitting of transition-
metal ions and rare-earth ions is fundamentally different, as the laser-active electrons are shielded
from the electric field of the surrounding host to varying degrees: The laser-active electrons lie
in outer shells in transition-metal ions, therefore experiencing a strong crystal field, whereas the
influence of the crystal field is lower for lanthanides, as the laser-active ions are located on the
inner shells [38]. As a consequence of the shielding, rare-earth ions have significantly longer up-
per level lifetimes compared to transition-metal ions. In the following section, the development

of energy levels is discussed on the basis of a Ho?>*:YAG crystal.

A characteristic of lanthanides are the filled 4d, 5s, 5p, and 6s subshells. The optically active
valence electrons are located in the 4f subshell [40]. The electron configuration of a holmium
atom is given by [Xe].4f'.6s2 and changes to [Xe].4f10 in the trivalent Ho®*-ion, thus ten
electrons are in the 4f subshell. In the free ion, the energy level splitting into subshells
results from the Coulomb interaction of the electrons with the atomic core [40]. Secondly, the
interaction of the optically active electron with the non-centrosymmetric Coulomb potential

11
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Figure 2.4: Development of the energy levels in a YAG crystal doped with holmium ions starting from the free ion
(adapted from [40], numbers from [20]).

of all other electrons results in a further splitting of ~ 10000 cm ™" as shown in Figure 2.4.
Thirdly, the spin-orbit coupling splits the energy levels further. This relativistic effect describes
the interaction of the orbital angular momentum of the electron and its spin. These three
contributions are already present in a Ho?*-ion in absence of external electric and magnetic
fields. When the ion is brought into a crystalline material, for example YAG, a further energy
level splitting can occur, which results from the static electric field at the particular lattice site
inside the crystal host. This crystal field arises from the crystal structure of the respective host
and the resulting asymmetric charge distribution in the direct vicinity of the doping site. The
interaction between the Ho?*-ion and the crystal field is called Stark effect [41]. In lanthanides,
the interaction between the crystal field and the electron is, however, small because the optically
active 4f electrons are shielded from the crystal field by electrons in the 5s and 5p subshells [40].
A consequence is the splitting into manifolds in which the energy difference between different
levels is relatively small (~ 10 cm~!). Because at room temperature the thermal energy kg7,
where kg = 1.38 - 10723 J /K is the Boltzmann constant, corresponds to 200 cm™!, the thermal
population of the manifolds, which follows a Boltzmann distribution o exp (E/kgT'), plays a
significant role [20]. The relevant pump and laser transition considered in this work take place
between the °Ig and the 51 manifold (see Figure 2.4), which results in a quasi-three-level nature
of the laser medium. In the following section, the laser rate equations are derived for this kind

of medium.

12



2.2 Ho3t-Doped Crystal Solid-State Lasers

2.2.2 Laser Rate Equations

Laser rate equations allow modeling the temporal dynamics of the energy level populations.
Typically, simplified laser rate equations are set up for a quasi-three-level laser, which consider
only absorption as well as spontaneous and stimulated emission processes, and already provide
a detailed understanding of the expected dynamics. More complex processes like multiphonon
transitions or energy transfer processes involving higher lying manifolds are not considered.
Figure 2.5(a) shows the relevant °Ig and °I; manifolds with a population density of IN; and
Ny, respectively. Additionally, the pump and laser transitions with wavelengths of A, and A
are indicated. Figure 2.5(b) resembles Figure 2.3(b). However, the labeling of the energy levels
and transitions is adapted to a quasi-three-level laser, emphasizing the thermal population of
the manifolds. In contrast to a four-level laser, level |1, ¢) is thermally occupied, therefore as
with the three-level laser, a threshold must be exceeded prior to laser operation. In addition,
reabsorption at the laser wavelength is relevant in this type of laser. This usually requires the

use of small mode diameters.

To set up the laser rate equations, all relevant processes that change the population of a level
have to be considered. The lower and upper pump level are labeled with |1, m) and |2, n),
respectively, and the lower and upper laser level are labeled with |1,¢) and |2, j), respectively.
The letters ¢, j, m, n are also used to label the respective transitions. The population of the
upper manifold is increased by pumping the laser medium at a pump rate W, = W,,,, and by
reabsorption at the laser wavelength with a probability of W;;. It is decreased by stimulated

emission to the lower laser level with a probability W;; and by spontaneous emission to the

(a) . (b) |2,n)
L, N,
12.5)
A, A W, Wil Wy | 1A
, i)
I N, f\l\j\[\f Ajm
|1,m)

Figure 2.5: (a) Laser manifolds of a Ho3+-doped laser crystal with the pump and laser transitions. (b) Energy levels
and transitions in a quasi-three-level laser.
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lower manifold with a rate A;,, and Aj;. The following equation describes the change in the

population density of the upper manifold:

8N2j
ot

= Wlem + Wilei — (A_]m + Aji)Ngj — WjiN2j . (24)

The probabilities for stimulated emission and absorption are described by W = oI /E and the

spontaneous emission rate is described by A = 771

. 7 is the lifetime of the upper manifold, I is
the light intensity at the laser or pump wavelength, and F is the energy of a photon at the laser
or pump wavelength. o is the corresponding spectroscopic emission or absorption cross-section,
which already includes the thermal population of the manifolds [20]. In this notation, it is not
the specific energy levels but the entire manifold that is of interest, i.e. instead of considering
the changes in population density of the levels |2, j) and |2, n), the change in population density
of the entire manifold |2) is considered. Further, the following notation is used to specify the
cross-sections: the subscripts e and a are used to label emission and absorption, respectively,
and p and s are used to indicate the pump or laser wavelength. In this notation, the changes in
the population density of the upper manifold Ny and lower manifold IV, averaged over the laser

crystal axis are given by

aNQ Ap nabs )\s N2
. = T I Iﬂ as — Ues - 25
gt " R L T el (O T owle) = )
0N, ONy

_ 9N 2.6
ot ot (2.6)

I, is the pump intensity, 7.ps is the pump absorption efficiency, and L is the crystal length.
Because an inversion AN = Ny — Nj is necessary for the operation of a laser, the change in
the inversion is relevant and by subtracting Equation (2.5) from Equation (2.6), it is described
by [38]

OAN _ Ny s

N+ AN
o  “he’ L '

+ c[(0as — Oes) N — (045 + 0es) AN] P — 2.7

N = Nj + Nj is the total population density of doping ions and & = %IS is the photon
density. In the cavity, the photon density is increased by stimulated emission and decreased by
reabsorption, cavity losses, and output coupling. The change in photon density is described
by [38]

0P ¢ P

g = 5 [(Uas + Ues) AN — (Uas - Ues) N] o — ?c ) (2.8)
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where 7, is the cavity photon lifetime, which describes the time constant of cavity losses and
output coupling. In stationary operation (BAN = 0 and % = 0), Equations (2.7) and (2.8)
have an analytical solution. When the pump intensity is not sufficiently high to compensate
for the resonator losses, no laser field builds up, resulting in ® = 0. The solution to the rate
equations is then given by [38]

>\ T o Tlabs

AN—2h 1, T

- N, 2.9)

which reflects that states in the upper manifold are excited by pumping the laser medium during
the upper level lifetime. As soon as the pump threshold is reached, the inversion stays constant,
yielding the solution [38]

A abps
AN = ANy, = 22077 Thbs (2.10)
he ML
_ )‘p Tabs
= hing B 1) @11

where I, is the pump intensity that is required to reach the laser threshold. Overall, Equa-
tions (2.9)-(2.11) are summarized as follows: When the pump intensity of a quasi-three-level
laser medium is increased, the inversion increases linearly at first while no photon field builds
up because the overall cavity losses are too high. Above the pump threshold, the photon field
increases linearly with increasing pump intensity while the inversion remains constant at its

threshold value.

The laser rate equations (2.7) and (2.8) will again play a role for the Q-switching theory in Sec-

tion 2.3 and for the fundamental behavior of an amplifier in Section 4.3.1.

2.2.3 Thermal Lensing

In bulk solid-state lasers, the term thermal lensing describes the lensing effect due to a lateral
temperature gradient in the laser crystal. This effect is called the thermo-optic effect. The
temperature gradient is accompanied by thermally induced birefringence due to the photoelastic
effect and the bulging of the crystal end faces, which has an additional lensing effect. In this
section, the heat generation mechanism is briefly discussed at first, followed by the derivation of

the temperature profile in a cylindrical crystal for different pumping schemes. The thermo-optic
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and photoelastic effect are then discussed and finally, end face bulging is described in more

detail to derive the focal length of the thermal lens.

Heat Generation Mechanisms

When a laser crystal is pumped, heat is created in the crystal due to different contributions. In

general, heat is generated by the emission of phonons. The following contributions lead to

phonon emissions in the crystal:

. Quantum defect between the pump wavelength ), and the laser wavelength As: Phonon

relaxation between the upper pump and laser level and between the lower laser and pump

level contribute to the heat generation in the laser medium. A measure of this is the
quantum defect 1 — i—‘ between the pump and the laser wavelength [42—-44].

s

. Quantum defect between the pump wavelength A, and the fluorescence wavelength A

Next to the laser transition, fluorescence is present in a pumped crystal and consequently
the quantum defect 1 — i—‘f’ between the pump and the fluorescence wavelength is another

measure for the heat generation via phonon relaxations [42—44].

. Multiphonon relaxation: Multiple phonons can be emitted to bridge the transition from

a higher lying manifold to a manifold with a lower energy. However, this process is
relatively unlikely, as several phonons are involved. For example, in YAG, the maximum
phonon energy is 700 cm™!, therefore at least seven phonons would be required to bridge

the energy gap between the °I and the °Ig level [20].

. Upconversion: Upconversion is an interionic process that describes the energy transfer in

which one ion transitions from a state with a lower energy to a state with a higher energy,
facilitated by the energy release from another ion transitioning from a higher energy state
to a state with a lower one. In holmium-doped solid-state lasers, typically the two ions
are initially in the °I; state and one ion transitions to the ®Ig state while the other one
is upconverted to the °I5 state. From the ®I5 state, multiphonon relaxation into the lower
lying manifolds creates additional heat in the crystal [45]. Because two ions are involved,
the probability of this process increases with the doping concentration, especially when
doping concentrations higher than 1 % are used [46, 47].
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5. Background absorption due to crystal impurities: Impurities in the crystal lead to a
background absorption at the pump, laser, or fluorescence wavelength [43]. If the
absorbed energy is not released through radiative transitions, it is released by interactions

with the crystal lattice through phonons, resulting in the generation of heat.

In the end, all these processes originate from the absorption of the pump light. Thus, the thermal

power Pperm, Which is created in the crystal, is expressed as
Perm = nthpabs . 2.12)

M 1S the fractional thermal loading and P,y is the absorbed pump power [42, 44].

Temperature Distribution in the Crystal

The previously described heat generation mechanisms lead to a temperature distribution 7'(7) in
the laser crystal, which is derived by the steady-state heat equation [48]

V- Qa(T)VT(7) = —4(7) .- (2.13)

q(7) is the thermal power created at a position 7 in a unit volume of the crystal, leading to
the temperature change. Because the laser crystals used in this thesis have a cylindrical shape
with length L and radius Ry, the heat equation is solved in cylindrical coordinates. Under the

simplifications that the thermal conductivity Ay, is temperature-independent and constant, the

P m . . . . .
heat load ¢(7) = q = 262 7 is constant, and there is no heat transport along the axial direction,
g
it transforms into [39]
0?T(r)  19T(r) q
- =1 2.14
or? + r or Ath 219

This equation is solved by using the ansatz of a parabolic temperature distribution and the bound-
ary condition that the temperature at the rod surface is T'(Ry). It holds [39]

T(r) = T(Ro) + ——(R% — r?). (2.15)

4\in
However, a constant heat load would correspond to a uniform longitudinal pump distribution in
the crystal, which would only be a good approximation in the case of flashlamp-pumping [49].

In this work, however, the crystals were end-pumped with a Gaussian beam with a 1/e? beam
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Figure 2.6: Exemplary temperature distribution in a cylindrical laser crystal assuming (a) a constant heat load and (b) a
non-uniform pump distribution resulting from end-pumping.

radius w,. Due to the exponential axial absorption, Innocenzi et al. demonstrated that the
temperature distribution for an end-pumping scheme is [50]

P 2 2R? 272
T(r, z) = T(Ro) + —2hZ0o—az |} <R0>+E1 Mo\ g (2.16)

4T A\n r2 wg wg

P, . .
— 3 is the incident pump power.
1—e oL
Ei(x) = f;o e~*t~1dt is the exponential integral function [51]. Figure 2.6 shows a comparison
of the two temperature distributions. In the case of a constant heat load, the temperature does

« is the absorption coefficient and Py =

not change along the crystal axis and the maximum temperature is lower as compared to the case
of Gaussian end-pumping. The temperature distribution in the case of Gaussian end-pumping

is characterized by a high peak temperature at the front of the crystal and the temperature
decreases while moving along the crystal axis.

A consequence of the temperature distribution are the thermo-optic effect, the photoe-
lastic effect, and the bulging of the crystal end faces, which are discussed in the following sections.

Thermo-Optic Effect

The temperature distribution in the crystal directly leads to a change in refractive index An(r),

which is known as the thermo-optic effect. In the case of a parabolic temperature distribution, it
is given by [39]
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In the case of end-pumping with a Gaussian beam, however, the change in refractive index

depends on the axial position and is given by

Nena Py on ,

—Qz

A =2 —— — 7,
n{r,2)r 4)\th7rwge 8TT

(2.18)
To derive this equation, the temperature distribution given in Equation (2.16) was developed
into a power series and it was used that the rod radius is larger than the pump radius (129 > wp),

which is a good approximation for r < wj [50].

Photoelastic Effect

As a further consequence of the temperature distribution, the crystal expands thermally,
which induces stress. This effect is called the photoelastic effect. The induced stress
causes strain, which in turn changes the refractive index. Stress and strain are linked by
Hooke’s law [52]

Oij = Cijkl€ki » (2.19)

where o is the stress tensor, € is the strain tensor, and c is the elasticity tensor. In the case
of isotropic crystals, which is valid for YAG, symmetries reduce the number of elements.
In this work, long and thin end-pumped crystals are considered. For these, the plane strain
approximation is used in which €., = €;, = €,, = 0 holds. In this assumption, the axis
along which the light propagates is long compared to the other dimensions of the crystal and
only displacements parallel to the cross-section of the crystal are assumed [52]. Under the
assumption of the parabolic temperature distribution, the stress components o, 0, and o,
show a parabolic dependence of the radius as well [39]. The strains induced by these stresses

lead to a change in the impermeability tensor [39]
AB;j = pijki€rl , (2.20)

where p;;1,; are the elasto-optical coefficients. From the change in impermeability, a change

in refractive index results. In the case of a cubic YAG crystal, the spherical optical indicatrix
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transforms into an elliptical indicatrix under stress exposure. For the change of the refractive

index in radial and tangential direction, respectively, it follows [39]

14 1 sawmg
= —§n0AB7-7¢ = —ino

An(r), C,.r2%, (2.21)

T
Ath

P

where C). ,, are the photoelastic constants that depend on the elasto-optical coefficients [39]. The
refractive index difference An(r), — An(r),, indicates that thermally induced birefringence
is present [39]. When a polarizer is included in a laser resonator, the thermally induced

birefringence results in depolarization losses [44].

Bulging of the End Faces

An effect that further contributes to the formation of a thermal lens is the end face bulging.
Because the end faces are not constrained, they elongate due to the internal stresses in the

crystal. The elongation is expressed as

1(r) = lo + awlo (T(r) — T(0)) | (2.22)

dl)71 .

where [ is the length of the elongation. From this, an end face curvature R = — (5 is

calculated, resulting in a focal length of [53]
R Ath

- = . 2.23
Jer 2(ng —1)  aung(no — 1)l ( )

Total Focal Length of the Thermal Lens

Both the thermo-optic and the photoelastic effect cause a parabolic change in refractive index in
the radial direction of the crystal, which induces a phase shift [50]

q On

L 1
Ag(r) = /0 kAn(r)dz = kL ( Doart 2n30;1h}qcr,¢> r2 (2.24)

on the light with wave number k& = 27/ that passes the laser crystal. Comparing this to the
2

phase shift A¢; = QL that light experiences when passing a thin lens [54], a focal length of

the thermal lens [39]
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fn _ )\th <1 8TL

-1
o (Lo + awniCy ) (225)
is concluded. In combination with the focusing effect due to the bulging of the end faces, a total

thermal lens of [39]

1 1\ w/l0n . am(no — 1)ig\ "
o= = 4+ — = - ) _ 2.2
f!,g& (fn + fEF) qL <2 oT + athnoc’r,g) + i3 ) ( 6)

results. Because the focal length of the thermal lens is different for the radial and the tangential
direction, the focal lengths are different for horizontally and vertically polarized light and they
further depend on the position in the crystal. As a consequence, when the laser is operated
with a linearly polarized output, the thermal lens leads to a bifocusing, which finally results in
an astigmatic beam. For a YAG crystal, f,/f, = 1.2 has been calculated [39]. In the case of
Gaussian end-pumping, the parabolic temperature profile is only an approximation valid for
r < wp. For r > wp, however, the temperature distribution and the resulting refractive index
distribution are not parabolic anymore, which leads to higher-order terms in the thermal lens that

cannot be compensated for. Finally, this leads to a degrading beam quality [55].

2.3 Generation of ns Pulses by Active Q-Switching

For many applications, laser pulses are required instead of a laser in CW operation, as for a
short amount of time significantly higher intensities can be achieved due to the pulse dynamics.
Depending on the required pulse length, different pulse generation mechanisms exist. For the
generation of pulses in the ns regime, Q-switching is a suitable technique. A description of
the active Q-switching process is given in Section 2.3.1. As in this thesis a highly repetitive Q-
switched laser was investigated, characteristics of highly repetitive Q-switching are explained in
Section 2.3.2. Section 2.3.3 describes the working principle of active Q-switching with an AOM.
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2 Theoretical Fundamentals

2.3.1 Description of the Q-Switching Process

Q-switching is based on the modulation of cavity losses by switching the cavity between a low

and a high quality factor Q. The Q-factor of a resonator is defined as

Ey

Q= 27de , 2.27)

where Eg is the energy stored in the cavity and Ejy is the dissipated energy per oscillation

period [39]. For optical resonators, the Q-factor can be expressed as [39]

Q= 27r1/0% ) (2.28)
where v is the oscillation frequency and 7;;, = 2L/c is the resonator round-trip time. An
increase in the cavity losses A therefore results in a lower Q-factor. In the first Q-switching
phase, the resonator losses are kept at a high level such that the gain in the laser medium cannot
compensate for the cavity losses. However, this time interval is used to store energy in the gain
medium by optical pumping, therefore to create a high inversion. In the second Q-switching
phase, the cavity losses are quickly reduced, allowing a photon field to build up inside the cavity
in a short amount of time. The photon field depletes the inversion, thus limiting the further

increase in the photon field. Consequently, a short pulse is generated. [38, 39]

In the following paragraphs, the Q-switching process is described by solving the rate equations

introduced in Section 2.2.2 for the cavity states with a low and a high Q-factor.

1. Low Q-Factor

At a low Q-factor, the gain in the laser medium cannot compensate for the cavity losses. Thus,
apart from spontaneous emission, no photon field is present in the resonator during the pump
phase (® = 0) and consequently the rate equation (2.7), describing the inversion in the laser

medium, simplifies to [38]

N+ AN
OAN _ ,  N+A

I (229
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2.3 Generation of ns Pulses by Active Q-Switching

A
where R, = 2h—plp I1abs
c

decreased by losses due to spontaneous emission. The differential equation is solved by [38]

is the pump rate. In this phase, the inversion builds up and is only

AN(t) = Ryr(1 —e ¥7) = N. (2.30)

When t — oo, the inversion saturates to AN, = R,7 — IN. Consequently, when the pump

phase is too long, the inversion saturates and the pumping process becomes inefficient.

2. High Q-Factor

A high Q-factor of the resonator is achieved by drastically decreasing the resonator losses.
As a consequence, the photon field starts to build up from vacuum fluctuations, which trigger
spontaneous emission. The inversion directly after the pump phase is the initial inversion AN;.
To calculate characteristic pulse parameters like the peak power, pulse width, and pulse energy,
the rate equations (2.7) and (2.8) are considered neglecting spontaneous emission, as it is small
compared to the photon field during the pulse. Thus, they are given by [38]

%TN = c[(0us — Oes) N — (0us + 0es) AN] @ 23D
%f = g (Oas + es) (AN — ANy) @ (2.32)

By dividing Equation (2.31) by Equation (2.32) and integrating the resulting equation, an ap-
proximate dependence between the photon field and the inversion during the pulse is analytically
derived [38]:

_ ANI _ O'as_o'esN
20~ AN, — AN + (25798 N ANy | In [ ——utoa” |} (2.33)
Oas + Oes AN — %N

By introducing AN’ = AN — @N and exploiting that the photon field is zero when the
o

.
inversion has reached its final val&é, frorersl Equation (2.33) follows that [38]

!/ /
ANE ] (AN") : (2.34)

—1--1
AN! r AN
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Furthermore, the pump parameter 1 = AN//ANy ~ P,/Py has been introduced. From
Equation (2.34) follows that the Q-switching process depends on the initial inversion in the laser

medium and the threshold of the laser medium, which contains the cavity parameters. [38]

The pulse peak power, pulse energy, and pulse duration are derived by using Equations (2.33)
and (2.34). The photon field is amplified until the inversion has decreased to its threshold value,
where the photon field reaches its maximum value. By substituting A Ny, into Equation (2.33),
the maximum photon field density d is derived and the pulse peak power results [38]:
. hv. —1-1 h
p="oy="—-—2T . 2EAN,

—V. (2.35)
Tc Tc

The peak power increases with an increasing difference between the initial and the threshold
inversion and with a decreasing cavity photon lifetime. A high gain and a short resonator length

contribute to a short cavity photon lifetime 7. The extracted energy of the pulse is given by
1
Es= §huV (AN; — ANy) (2.36)

The factor % is introduced because each excitation is counted twice in the inversion AN.
Assuming a temporal Gaussian pulse shape, the approximate pulse width is finally given by
In(2) E E

t =2 S~ 0.94-2 2.37
P T P P @37

In the next paragraph, the time dependence of the photon field and the inversion are discussed.

Temporal Dynamics

As the dependence of photon field and inversion is known from Equation (2.33), the time
dependence of the inversion and the photon field is calculated by substituting ® by ®(AN)
in Equation (2.31) and AN by AN (®) in Equation (2.32), respectively. The solution to the

resulting differential equations can be calculated numerically. [56]

The pulse build-up, however, can be derived analytically. This phase describes the phase until
the photon field reaches the value of the photon field in CW operation. Because in Q-switched

operation considerably higher values are expected from the peak photon field, it is assumed that,
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Low Q E High Q
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Figure 2.7: Temporal evolution of the cavity losses (black), the inversion in the laser medium (red), and the photon
field (blue).

as long as the photon field is below its CW value, the inversion is not depleted (8§tN = 0). With

this approximation, the rate equation and its solution for the photon field are given by [38]

9 _ L e = o) = delVE (2.38)

ot Te
P is the noise photon density. Figure 2.7 shows the temporal evolution of the cavity losses, the
inversion in the laser medium, and the photon field. During the pump phase 7T}, the inversion
builds up to its initial value AN;. For reasons of simplicity, no pumping is assumed to be
present in the high Q-factor phase. When the cavity losses are decreased, the pulse begins to
grow exponentially from noise. The pulse-build up time 7}, is defined as the time that the photon
field needs to reach its CW value ®.,. Because the photon field is increasing, the inversion
gets more and more depleted resulting in a decreasing gain. When the inversion falls below the
threshold inversion A Ny, the photon field has reached its maximum value and starts to decrease
due to resonator and output coupling losses. When the photon field has decreased to zero, a final

inversion A N; remains in the laser medium. [38]

2.3.2 Highly Repetitive Q-Switching

The description in Section 2.3.1 has so far only considered the generation of one pulse. When

the losses are modulated with a repetition frequency v, pulses are generated repetitively. In
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this regime, the final inversion after each pulse equals the initial inversion before the next pulse.
Based on this consideration, the measurable pulse parameters depending on the repetition rate

can be calculated. Two limiting cases are now considered.

In the case of low repetition rates, v4ep < 7! holds. For Ho**:YAG, 7!

approximately
equals 128 Hz. In this limit, the initial inversion AN/ approximately equals the maximum
inversion AN/ _. As the initial inversion is constant in this case and the threshold inversion
depends on the resonator geometry, a constant final inversion results in this case. Consequently,
the pulse duration, the pulse energy, and the pulse peak power are constant as well. The

average power
(P) = Eytrep (2.39)

increases linearly with increasing repetition rate. [38]

In the case of high repetition rates, vyep >> 7~1 holds. In this regime, the initial, threshold and
final inversion are approximately equal considering that the maximum inversion is much larger.
Furthermore, the average output power is constant ((P) & const.), which is why this regime is
called the quasi-continuous regime. Consequently, the pulse energy is Fs o< 1/vyep. The pulse
width is given by [38]

VI‘E
tp < % N‘ZO , (2.40)
resulting in a pulse peak power of [38]
. FEy P)AN!
P~— H% . (2.41)
tp Vrep

The limit of high repetition rates is investigated in this thesis.

2.3.3 Realization of Active Q-Switching with an AOM

Q-switching can be realized with active components like an AOM or electro-optic modula-
tor (EOM) or passive components like saturable absorbers. In active Q-switching, the cavity
losses are modulated actively, whereas with passive Q-switches, the switching is dependent

on the photon field in the cavity [39]. In this thesis, active Q-switching was realized by using
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2.3 Generation of ns Pulses by Active Q-Switching

an AOM. Compared to AOMs, EOMs exhibit a faster switching behavior, which may be a
requirement for specific applications. However, high voltages must be applied to the EOMs to
achieve the desired switching behavior, which requires careful handling. Q-switching with an
AOM, on the other hand, is less complex in terms of the required driver, thus it is less space

consuming, which can be a criterion for some applications.

The working principle of an AOM is based on the acousto-optic effect, which describes the
modulation of the refractive index by an acoustic wave sent through the material. Typical
acousto-optic materials are fused silica, lithium niobate (LiNbQOg), lead molybdate (PbMoO,),
and tellurium dioxide (TeO2), which was used in this thesis [39]. The temporal modulation
of cavity losses with an AOM is realized by periodically applying a radio frequency signal to a
piezoelectric transducer, which generates the acoustic wave in the acousto-optic material. This
acoustic wave causes a modulation of the refractive index along the traveling direction of the
acoustic wave z, which is given by [39]

n(z,t) = ng + Angsin (w,yt — k,z) . (2.42)

ng is the unperturbed refractive index of the acousto-optic material, Any is the amplitude of the

refractive index modulation, w, is the angular frequency, and k, is the wave vector of the acoustic

(a) RF signal (b)
( :) piezoelectric
— transducer
k,

9

=

| As

acoustic _—
wave fronts

acoustic
<«—— > absorber

Figure 2.8: (a) Schematic representation of an AOM. An incident light ray is partially diffracted into the first diffraction
order, which increases the cavity losses (adapted from [57]). (b) Reflection of a light wave at two successive
wave fronts of the acoustic wave to derive the Bragg angle (adapted from [39]).
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wave. The acoustic wave travels through the acousto-optic material with a sound velocity of
vy = wy/ky = A\afa until it is absorbed at the angled end surface. A, and f, are the wavelength
and frequency of the sound wave. Typical sound velocities are around 5 km/s. A schematic
representation of an AOM is depicted in Figure 2.8(a). The acoustic wave spreads over a length
of L. When a light ray with wavelength ) is incident on the AOM under an angle ¥, it is partially
diffracted at the diffraction grating created by the acoustic wave. The following equation applies
to the ratio of the power of the diffracted beam P; and the power of the incident beam Py [39]:

P
F; — sin? <L;;Ano> . (2.43)
The amount of diffraction depends on the interaction length with the acoustic wave, the grating
constant, as well as the strength of the refractive index modulation, which in turn depends on
the material properties. In the Bragg regime, the angle of the first diffraction order is calculated
by considering Figure 2.8(b). Constructive interference of two light rays that are reflected from

two successive acoustic wave fronts is given when

A

o

As = 2\, sin? im (2.44)
holds, where m is an integer. Consequently, the angle of the first diffraction order is approx-

imately given by

As
2n0 /\a '

~
~

(2.45)

2.4 Nonlinear Conversion of the 2 um Radiation

Q-switched lasers in the 2 um range are suitable pump sources for OPOs in which the 2 um light
is down-converted to the 3—5 um wavelength range. The conversion results from a nonlinear
interaction between the incident laser field and a nonlinear crystal. The following sections
provide an introduction on nonlinear optical interactions, starting from deriving the nonlin-
ear electromagnetic wave equation in Section 2.4.1, followed by a description of difference
frequency generation (DFG), which is the fundamental nonlinear process underlying OPOs,

in Section 2.4.2. Angular phase matching as a requirement for the nonlinear conversion is
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described subsequently in Section 2.4.3. Finally, Section 2.4.4 explains how OPOs differ
from optical parametric generation (OPG) and optical parametric amplification (OPA) and
Section 2.4.5 describes some limitations that result from using Gaussian beams instead of

plane waves.

2.4.1 Nonlinear Wave Equation

Linear optical phenomena between light and a dielectric medium arise from a linear relation of
an electric field and the polarization of the medium. When an electromagnetic wave (i.e. an

oscillating electric field) with frequency w
(= [ i(kz—wt)
E(7t) = ieA(r, t)e +c.c., (2.46)

which propagates along the z-axis, is incident on the medium, dipole moments are induced
in the medium resulting in an electric polarization. Here, €'is the polarization direction of the
wave, A(7,t) is the complex amplitude, and k is the wave number. For small electric fields, the

linear polarization in the frequency domain is given by

—

B (7,w) = eox M (W) E (7, w) , (2.47)

where ¢y = 8.85 - 1072 As/Vm is the vacuum permittivity and x(!) is the linear electric
susceptibility. For large electric fields, however, the relation between the polarization and the
electric is field is no longer linear and higher order terms have to be considered. For the sake of
clarity, the polarization, electric field, and electric susceptibilities are assumed to be scalar in
the following equation

P(F,w) = e <X(1)(w)E(F, W) + YD (W) E2(7w) + x® (w) B3 (7, w) + ) (2.48)

= PL(T_",UJ) +PNL(7?; UJ). (249)

When the vectorial character of the polarization and the electric field is considered, x(") are
susceptibility tensors of (n+1)-th order, which depend on the properties of the nonlinear material.

The influence of the nonlinear polarization on the interaction between light with the medium

is described by the nonlinear wave equation, which is derived from Maxwell’s equations. In

29



2 Theoretical Fundamentals

an electrically neutral, nonconducting, isotropic, and homogeneous medium without magnetic
dipoles, the nonlinear wave equation in the time domain is given by

8%

1 92 .
- = Mo @P(T, t), (2.50)

2= (=
V E(T,t) — C2 wE(T,t)
where (i is the vacuum permeability. By converting Equation (2.50) to the frequency domain

and using Equations (2.49) and (2.47), the nonlinear wave equation is given by
- w2 - -
V2E(R.w) + %5 (14 XD @) B w) = —pow? P (7). 2.51)

Thus, the nonlinear polarization can be treated as perturbance term to the linear wave equation.
Under the simplification that the electric field is an infinite plane wave and that the slowly varying
envelope approximation is valid, Equation (2.51) is simplified and reduced to a differential
equation for the complex amplitude of the electric field:

nd é’ﬁNL(z, w)e_“"z ) (2.52)

—A(z,w)

2egnce

This equation connects the nonlinear polarization with the complex amplitude of the elec-
tric field. [58-60]

2.4.2 Difference Frequency Generation

One example for a nonlinear process of second order is DFG. As this process is the underlying
process of OPOs, it is discussed in more detail here. When two plane waves propagating
with frequencies w; and wo, wave vectors k; and ko, complex amplitudes A; and As, and
a propagation along the z-direction are incident on a nonlinear medium, the second order

nonlinear polarization is given by [60]

1 ) ) )
P]\(]i) (Z,t) _ ZeOX(Q) (A%em(klz—wlt) + Agem(l@z—w?t) + 2A1Azel((k1+k2)z—(w1+w2)t)
(2.53)

+24; Ajeil(ki—ka)z—(wi—w2)t) L1 4,12 4 |Ay)% + c.c).
(2.54)
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The process defined by the first two terms is called second harmonic generation, the third term
yields sum frequency generation, the last two terms yield optical rectification, and the fourth
term defines the process of DFG. Therefore, when two waves with frequencies w; and ws with a
high intensity are incident on a nonlinear medium, a light wave with a frequency w3z = w; — ws
can be created. Due to momentum conservation, it must further hold that k3 = k1 — ko. The
nonlinear polarization in the frequency domain is then given by [59]

PI\(Ii) (Z7 wi’)) = GOdeff (AI(Z7 w1>A§('z7w2)e(i(kl_k2)2) + C'C') ) (255)

where dogg = 1/ 2x(?) is the nonlinear coefficient. Inserting the nonlinear polarization into
Equation (2.52) gives the coupled wave equations [59]

/éWS deff

0 )

@AS(Z,Ws) = Thac A (z,w1) A (2, wo)e' k= (2.56)
0 twade . iAks

&Ag(z,wg) = ;TcﬁAl(z,wl)A3(z,w2)e Ak 2.57)
0 twide iAks

oAz 01) = ﬁAg(z,wl)Ag(z,WQ)e Akz (2.58)

Tllustratively, these equations describe the following: When an incident electric field, composed
of the frequency components w; and ws, creates a nonlinear polarization in the nonlinear
medium, a wave with frequency ws is created. Conversely, this wave creates a nonlinear
polarization with the other two waves such that the other two frequency components are
generated. Ak = k; — ko — k3 is called the phase mismatch. Under the simplified assumption
that the field amplitudes A (z,w1) and A3(z,w2) are constant, Equation (2.56) is solved by
integrating over the length of the crystal [59]:
 wadegr eilkz

A3(Z7W3)— nac Ak . (259)

The intensity of this wave after passing the crystal is then given by [59]

1 8m2d2q L2 11 I AkL
I3 = - As(L 2= el " Cgine? ( —— ) . 2.60
3 zngeoc\ 3(L, ws)| comnana A2 sinc 5 (2.60)
It becomes clear that an efficient conversion of ws requires a large nonlinear coefficient deg, high
intensities of the waves with wy and w-, long interaction lengths, and a small phase mismatch.

Figure 2.9(a) shows the intensity of the generated wave depending on the phase mismatch. The
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Figure 2.9: Intensity of a wave generated in a DFG process depending on (a) the phase mismatch AkL/2 and (b) the
propagation distance in the crystal for a fixed phase mismatch (adapted from [58]).

phase mismatch decreases the intensity of the generated wave. The phase matching bandwidth
Akgyw corresponds to the full width at half maximum (FWHM) of the intensity. The coherence
length L. is a measure of the distance at which the difference frequency is generated. In
Figure 2.9(b), the intensity of the generated wave is shown depending on the propagation
distance in the crystal. For perfect phase matching, the intensity increases parabolically with the
propagation distance. For imperfect phase matching, the intensity oscillates with the propagation
distance with a period of 2L.. Therefore, the intensity of the generated wave increases up to the
coherence length. When it propagates further, the intensity decreases because of backconversion
into the pump waves. The larger the phase mismatch is, the smaller the coherence length and the

length at which a conversion takes place without any backconversion. [58]

One method for achieving phase matching is angular phase matching, which is explained in the

following section.

2.4.3 Angular Phase Matching

Angular phase matching exploits the birefringence of anisotropic media. In isotropic media,
the refractive index is independent of the polarization and propagation direction of the incident
wave in the medium. This does not apply to anisotropic media. Biaxial crystals are characterized
by three distinct refractive indices (n, # ny # n.). In this thesis, ZGP crystals were used

for the nonlinear conversion. These crystals are uniaxial, thus they have one optical axis.
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Light propagating along this axis experiences the same refractive index for both polarization
directions. Here, n, = n, # n. holds. Waves polarized along = and y are called ordinary
waves (ng = ny = N,), waves polarized along z are called extraordinary waves (n, = ne).
ZGP is a positive uniaxial material, thus ne > n,. For waves that propagate through the crystal

under an angle ©) with the optical axis, the refractive index is calculated by

1 cos? ¥ sin? ¥
= . 2.61
T T T 260
This equation can be derived from the index ellipsoid depicted in Figure 2.10. [58, 59]
In the case of DFG, perfect phase matching requires
A — Wi oWz NsWs (n1 — na)ws _ (n3 — n2)ws —0. (2.62)

C C C C C

In normally dispersive media, the refractive index increases with frequency, therefore this
equation cannot be fulfilled. However, Equation (2.62) can be fulfilled in anisotropic media
when ordinary and extraordinary waves are mixed. It is distinguished between type I and type II
phase matching. In type I phase matching, the two waves with smaller frequencies have the
same polarization, whereas in type II phase matching, the two waves with smaller frequencies
have different polarizations. In the following, type I phase matching is considered for a positive

uniaxial crystal, as this applies to ZGP in particular. In this configuration, the wave with w; is

(b)

=}

Figure 2.10: (a) Index ellipsoid of a positive uniaxial crystal. The optical axis is oriented parallel to the z-axis. (b) For a
light beam that propagates with an angle ¥ with the z-axis, the electric field experiences refractive indices
between n, and ne (), depending on the state of polarization (based on [41]).
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an ordinary wave, whereas the waves with wy and w3 are extraordinary waves. To fulfill the
phase matching condition, the light needs to propagate through the crystal at an angle with
the optical axis, therefore this method is called angular phase matching. The phase matching

condition then is

’/7,0()\1) ne(ﬂ, )\2) Tle(’&, )\3)
= . 2.
N N + " (2.63)

The refractive indices are described by the Sellmeier equations. Figure 2.11(a) illustrates the
phase matching condition in the degenerate case where Ay = A3 = 2A;. With \; =~ 2um,
the condition is fulfilled because n.(¢#4) < ne. ¥4 denotes the angle for which degenerate
phase matching is fulfilled. Figure 2.11(b) illustrates the phase matching condition in the
non-degenerate case. When two wavelengths are given, the third one is calculated by energy
conservation. The phase matching angle 9,4, which denotes the angle for which non-degenerate
phase matching is fulfilled, can then be determined by solving Equation (2.63) numerically.
Figure 2.12 shows the wavelengths Ay and A3 that fulfill the phase matching condition at a
given angle. [59]

The effective nonlinearity deg is usually given in dependence on the crystal axis. When the
crystal is tilted to the phase matching angle ¥, for ZGP, the nonlinearity changes to [59]

deff = d36 . sin(219) . (264)

3.20} n,
ks £ 3.18
B R
2810
£ £ 3.14
5] ES)
a 312
3.10 \ . \ 3.10 . . . .
2 3 4 5 6 2 3 4 5 6
Wavelength in pm Wavelength in pm

Figure 2.11: Illustration of the phase matching condition in the (a) degenerate and (b) non-degenerate case. The
refractive index data have been taken from [61].
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Figure 2.12: Wavelengths fulfilling the phase matching condition in dependence on the phase matching angle.

One alternative to angular phase matching is temperature phase matching, where the temper-
ature dependence of the refractive index is used to achieve phase matching. Another common
technique is quasi-phase matching, where a small phase mismatch is accepted but reversed by
alternately stacking the same crystal with different crystal orientations. [58]

2.4.4 Optical Parametric Oscillators

OPOs are based on the principle of OPG. When a photon with frequency wy, is incident on a
nonlinear medium, it can spontaneously split into two lower frequency photons with frequencies
ws and wj (see Figure 2.13(a)). In this process, no real excitation of the nonlinear medium is
involved, the interaction takes place via a virtual state. Only photons that satisfy the phase
matching condition are generated in this process. [58]

When both a pump and a signal wave are incident on a nonlinear medium, OPA can occur when
the waves have suitable polarizations. In this process, the signal wave gets amplified and an
idler wave is generated (see Figure 2.13(b)). Typically, the single-pass gain in this process is

only weak. [58]

In OPOs, both of these processes take place. A nonlinear crystal is placed in between two

parallel mirrors and is pumped with a frequency w,. At first, signal and idler photons are
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Figure 2.13: Comparison of the parametric processes (a) OPG, (b) OPA, and (c) OPO.

generated from OPG. Due to OPA, these photons are then amplified by passing the crystal
multiple times. It must be distinguished between singly-resonant (SR) and doubly-resonant (DR)
OPOs (SROPOs vs. DROPOs). In a SROPO, the mirrors are reflective for only the signal
or idler wave, whereas in a DROPO, the mirrors are reflective for both the signal and the

idler wavelength. [58]

In this thesis, DROPOs in a single-pass pump configuration are considered. In such a configura-
tion, the generated signal and idler photons are only amplified when they propagate in the same
direction as the pump photons due to the phase matching condition. As soon as the resonator
losses are compensated by the single-pass gain, the threshold of the OPO is reached and the
OPO starts to oscillate for higher pump powers. In ZGP OPOs, the threshold is typically in the
kW regime. Therefore, these OPOs cannot be pumped with CW lasers, but have to be pumped
with Q-switched lasers that deliver high peak powers. For temporal Gaussian pulses, only the
part of the pulse, which is above the threshold, is converted in the nonlinear crystal. Therefore,
short pulses are desirable because the rise-time until the threshold is reached is shorter. Further-
more, a tight focusing helps to maximize the intensity of the pump beam. However, this entails

limitations which are discussed in the following section. [58]

2.4.5 Limitations Resulting From Real Optical Beams

In real media, OPOs experience some limitations, which have not been considered in Sec-
tions 2.4.1 to 2.4.4. Firstly, parasitic absorption reduces the conversion efficiency and heats
the crystal, therefore creating a thermal lens, which strongly influences the resonator modes.
Because the refractive index depends on the temperature, this can further change the phase

matching condition slightly [58]. For ZGP, the absorption decreases with increasing pump
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wavelengths [62]. Therefore, it is beneficial to tune the pump lasers to longer wavelengths,

where the parasitic absorption is lower.

Furthermore, plane waves have been considered so far. However, a typical focused Gaussian
beam has a finite divergence. Consequently, it can only be approximated as plane waves with
different propagation directions in the proximity of the focus. This changes the phase matching

condition as well. [58]

Another limitation arising in birefringent materials is the beam walk-off. For the extraordinary
waves, the direction of energy transport and the propagation direction of the wave are not the
same. As a consequence, the ordinary and extraordinary waves do not have a perfect overlap over
the entire length of the nonlinear crystal limiting the conversion efficiency. The smaller the beam
sizes in the crystal, the more severe is the effect of the walk-off of the beams. Consequently, a
trade-off between a high pump intensity and a small walk-off has to be found. The walk-off is
quantified by the walk-off angle p, which in ZGP is given by [59]

2
tan p = ne(V) (1 - 1> sin(29) . (2.65)

2 2
2 ng  ng

In the design of the OPO, these limitations have to be considered carefully. Furthermore, the
damage threshold of the nonlinear crystals should not be exceeded, which is a further restrictive
condition on the diameter of the pump beam. [58]
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3 Theoretical and Experimental
Methods

This chapter describes the theoretical and experimental methods used in this thesis in detail.
As thermal effects in the laser crystal are central to laser operation and the resonator layout,
theoretical and experimental approaches for the determination of the thermal lens are presented
in Section 3.1. Section 3.2 discusses the measurement methods used in the laboratory and the
exemplary characterization of a basic Ho®*:YAG laser. In addition, qualitative measurements
on the thermal blooming of the 1908 nm pump laser are shown.

3.1 Determination of the Thermal Lens

Matrix optics is an appropriate method for simulating the propagation of light through optical
elements like free space, windows, lenses, or even a thermal lens, therefore it is introduced
in Section 3.1.1. Following this, an analytical and a numerical approach to calculate the
corresponding matrix of a thermal lens are presented and compared in Section 3.1.2. A facile
numerical simulation tool used to design laser resonators is presented in Section 3.1.3. Finally,

in Section 3.1.4, the thermal lens is determined experimentally.

3.1.1 Matrix Optics

Matrix optics is a method describing the evolution of light rays through optical elements. In this
method, a light ray is represented by its offset r(z) from the optical axis and the angle ¥(z) with
this axis [38]. Figure 3.1(a) schematically illustrates how a light ray with offset r; and angle ¥4
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Figure 3.1: (a) Transformation of a light ray when passing an optical element described by the matrix M (based
on [38, 63]). (b) Ray-transfer matrix of an optical system consisting of multiple elements (based on [54]).

transforms into a ray with offset r, and angle 15 when it passes an optical element described by
the ray-transfer matrix M. Mathematically, this is described by [54]

(o) ()= ) ()

To calculate the propagation of a light ray through multiple optical elements described by
the matrices M7, Mo, ..., My, the total matrix of the optical system is determined by (see
Figure 3.1(b)) [54]

M= My-...- My - M, . (3.2)

Although ray optics cannot be applied in general to calculate the evolution of laser beams due to
their wave nature, an optical system can still be described by the same matrices as in the case of
ray optics. Laser beams are typically described as Gaussian beams, where the field distribution
is derived by solving the corresponding wave equation [64]

. 1 O2E(7t)
v2 = _ )
Bt = 2 o2

(3.3)
Under the assumptions that the electric field oscillates at a single frequency v, the propagation
direction is the z-direction, and the transverse field distribution is radially symmetric, the field

distribution of a Gaussian beam is [38]

—

wo : —ik r2 2 2 k
E(r,z,t) = Epe—e (e Fantzy ¢~ w(x)Z gH2mVEk2) | (3.4)
w(z)
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3.1 Determination of the Thermal Lens

E) is the field amplitude, € is the polarization direction, wy is the beam radius at the waist, w(z)
is the beam radius, ¢(z) is the Gouy phase shift, and R(z) is the radius of curvature of the phase
front at the position z. The beam radius and the phase front curvature of a Gaussian beam with

wavelength )\ are given by [63]

2
w(z) = wot/1+ (;) (3.5)
R

%R
R(z)=z+ L. (3.6)

2
ZR = L(:O is the Rayleigh length at which the beam area doubles. In order to apply matrix

optics to Gaussian beams, the complex beam radius ¢(z) is introduced [63]:

= - ) 3.7

When the incident Gaussian beam is described by the complex beam radius ¢; and the matrix
of the optical element is given by the ABCD matrix M as defined in Equation (3.1), then the

transmitted complex beam radius g is [63]

_Aq +B

== m . (3.8)

q2
This equation will be relevant for the modeling of the thermal lens with matrices in Section 3.1.2

and for the simulation tool introduced in Section 3.1.3.

3.1.2 Simulation Methods for Determining the Thermal Lens

To model the thermal lens, different approaches are possible. A radially and axially uniform
pumping results in a parabolic temperature and refractive index profile as defined in Equa-
tion (2.17), and is described by a duct matrix, which is derived from the ray equation. To account
for the exponential absorption in the case of end-pumping, the thermal lens can be modeled
numerically with an infinitesimal duct matrix approach, which works for an arbitrary axial local
pump absorption. In the special case of single-pass pumping, the ray equation is analytically

solvable. These approaches are explained and compared in the following sections.

41



3 Theoretical and Experimental Methods

Derivation of the Duct Matrix by the Ray Equation

For the derivation of the duct matrix, the trajectory of the light in a medium with a varying

refractive index must be calculated. Fermat’s principle in the form

B
6/n,(F)ds =0 3.9)
A

describes the variation of the optical path length between two points A and B [54]. From varying
the path 7(s), the ray equation is derived [54]:

d

- <n(7?)3:) = Vn(F) (3.10)

As derived in Section 2.2.3, the refractive index profile is approximately parabolic and radially

symmetric when a radially symmetric pump beam is used:

1 2

n(r,z) = no(z) — §n2(z)r . 3.11)

no(z) describes the change in refractive index due to the parabolic temperature profile in the

crystal. In a paraxial approximation and by using n(r, z), Equation (3.10) simplifies to [63]

d d
T (no(z)dz> =Vn(r,z). (3.12)
When a uniform pumping scheme is assumed, there is no axial dependence of the refractive

index resulting in [63]

d%r(z n d%r(z
() | ma) - )
dz ng dz

+~%r(z) =0. (3.13)

A uniform pumping scheme is considered a good assumption when the absorption length is
considerably longer than the crystal length (! > L). The solution (%) to this differential
equation is given by [63]

dro1 .
r(z) = ro cos(yz) + d—;; sin(vyz), (3.14)
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3.1 Determination of the Thermal Lens

where ry and % are the initial position and slope of the ray. From r(z) and its derivative j—:,

the ABCD matrix of the simple quadratic duct with length z can be concluded [63]

Maa(2) = cos(yz) Wl»y sin(vyz) (3.15)
duct —ngysin(yz)  cos(vz) . '

When a Gaussian beam passes a duct with a length L, it can be assigned the focal length

f=— (3.16)

if it is long compared to the crystal length [38].

Numerical Approach for Arbitrary Axial Pump Distributions

To account for the exponential absorption in end-pumped crystals, an infinitesimal approach has
to be chosen, which is based on the duct matrix derived in Equation (3.15). In the infinitesimal
matrix approach, the crystal is divided into quadratic ducts with an infinitesimal length dz.
Each duct has a radial parabolic refractive index profile, but to account for the exponential
absorption of the pump light, ny is different for each duct and depends on the propagation
distance z [65]:

(3.17)

w2 | Oz

N | O Paps
na(z) = <1 ‘ :
P

Here, the material-dependent parameter & = g—gi (2)\th)_1 is introduced. In the case of Gaussian
end-pumping, an additional factor of 2 would have to be considered as shown in Equation (2.18).
However, this factor has been omitted due to disagreement with experimental data. The dis-
agreement might result from pump saturation effects that are higher in the center of the Gaussian
beam than in the wings, thus decreasing the heat generation in the beam center and flattening
the radial temperature distribution in the center. Furthermore, in the temperature distribution
introduced by Innocenzi [50], the lasing operation was disregarded, which considerably changes
the heat generated in the laser crystal [44, 55, 66].
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The infinitesimal duct matrix is given by [65]

cos(y(z)dz) —L_sin(y(z)dz) 1 dz
My, (2) = noY ~ n | (318
(?) <—n07(z) sin(y(z)dz)  cos(y(z)dz) ) <—n07(2)2dz 1 ) (3.18)

na(2)

0
of dz into account. The total ABCD matrix of the crystal is then calculated by multiplying all

where v(2)? = and sin(x) &~ x and cos(z) ~ 1 is used to take the infinitesimal nature
infinitesimal duct matrices as shown in Equation (3.2). This numerical approach allows for
calculating the thermal lens that results from an arbitrary axial pump distribution.

Analytical Approach for Single-Pass Pumping

In the special case of a pump beam that passes the crystal once, an analytical solution to the
ray equation exists, thus calculation time is saved. To derive this analytical solution in the
case of single-pass pumping, the ray equation (3.13) needs to be solved for a z-dependent
change in refractive index n2(z). By assuming an exponential absorption of the pump light,
Equation (3.17) develops into

aP -z —Qz
no(z) = 5”7‘T‘“w20 — ngge % . (3.19)

P

The solution to Equation (3.12) is calculated with Mathematica and is given by

r(z) = roAg + no ?Bo with (3.20)
o J1(()Yo (Cve O‘Z) Yi(¢)Jo (¢Ve~ ‘”) J -
0= H(QOY(Q) = B0V () an 21
1 %O (waz ~ Jo(O)Yo (Ve

By = and (3.22)

V/M20m0 J1(¢)Yo(¢) — Jo(€)Y1(C)
c=2 [P0 (3.23)

« o

Jn and Y,, (n = 0,1) are Bessel functions of the first and second kind. By deriving this
differential equation, the elements of the ABCD matrix M,,, are concluded in analogy to
Equation (3.15). The matrix elements Cy and D are given by
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3.1 Determination of the Thermal Lens

Ji(OY1 ((Ve ) =1,

Co = V/nggnoe™“*

and (3.24)

Dy = \/ngonoe=**

Vi A%~ BV (2
Due to its analytical nature, the thermal lens calculation is considerably faster with this approach
than with the numerical approach. However, Equation (3.12) cannot be solved analytically for
arbitrary axial pump distributions. For example, the case of a double-pass pump light absorption
is not accessible analytically. In this case, the numerical approach is required to model the
thermal lens.

Comparison of the Three Approaches

The results obtained with the different approaches need to be compared to ensure the consistency
of the analytical and numerical approach and to compare the extent to which the duct approach
differs from the other two. The matrix elements are compared depending on the propagation
distance through the thermal lens. The meaning of the individual matrix elements can be

understood as follows: In Equation (3.1), two limiting cases can be considered, which are

1. ryarbitrary, 9 =0 = ry= Ary and Yo =Cry, (3.26)
2. ry=0,varbitrary = 1re=DBt¢; and ¥ =D (3.27)

Thus, A describes the trajectory of the light ray through the thermal lens depending on the initial
radial position. C' contains the focusing information of the thermal lens because it yields the
angle with the propagation axis depending on the initial position. From C, the focal length of
the thermal lens can directly be concluded. In analogy to A, B describes the trajectory through
the thermal lens entering in the center of the lens under an initial angle. D describes the change

in the angle with the propagation axis compared to the initial angle.

Figure 3.2 shows the matrix elements plotted versus the axial position for the analytical approach
for two sets of parameters. In both cases, a pump diameter of w, = 250 um is used. In case 1,
an absorbed pump power of 45 W is assumed, whereas 22.5 W of absorbed pump power are
assumed in case 2. Comparing case 1 and case 2 for the elements A, C, and D shows that the

thermal lensing is half as strong in case 2 compared to case 1 because the change in the matrix
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Figure 3.2: Development of the matrix elements calculated with the analytical approach over one crystal length for two
cases. The parameters are £ = 5.09 - 10~7 m /W [38], ny, = 10 %, wp = 250 pm. Case 1: Pyps = 45 W
(solid black line). Case 2: P,y = 22.5 W (dashed red line).

elements between the positions 0 and 1 amounts to half the value when case 2 and case 1 are
compared. This is in accordance with the lower absorbed pump power. Furthermore, the main
information of the thermal lensing is contained in the matrix elements A and C'. Assuming
an initial position r; = 1 mm and an initial angle of ¥/y = 1 mrad for case 1, the change in
trajectory resulting from matrix element A is approximately 100 pm, whereas it is 15 pm due to
matrix element B. Thus, the influence of matrix element B is almost one order of magnitude
smaller. The situation is similar for the elements C' and D. The change in angle is approximately
11 mrad due to matrix element C, whereas it is 0.05 mrad due to matrix element D. Thus, C is

the dominant parameter here.

Figure 3.3 shows a comparison of the duct, numerical, and analytical approach for the parameters
assumed for case 1. Firstly, the numerical and analytical result yield the same matrix elements,
whereas they differ from the duct approach, which is in accordance with the assumptions made
in the calculations. The change in trajectory is stronger at the front of the crystal in the analytical
approach due to the higher amount of absorbed pump light at the front of the crystal (see matrix
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Figure 3.3: Development of the matrix elements calculated with the analytical (solid black line), numerical (dashed red
line), and duct (dotted blue line) approach over one crystal length. The parameters are the same as in case 1.

element A). The change in the angle with the propagation axis is also stronger at the front of the
crystal for the same reasoning (see matrix element C').

Figure 3.4 shows a comparison of the analytical and duct approach when a laser beam propagates
through an optical element exhibiting thermal lensing. For the calculations, an absorbed pump
power of P,y = 50 W and a pump beam radius of 250 um are assumed. The Gaussian beam is
incident on the thermal lens with its focus at the crystal front facet at a position of 0 cm. The
plots show the propagation of this beam through and after the crystal. In analogy to Figure 3.3,
the stronger bending of the beam at the front of the crystal results from the increased heat
generation near the crystal front when the exponential absorption is considered in the analytical
approach (red dashed curve).

These approaches are not only used to model the thermal lens but also to calculate mode sizes
within laser resonators. For this purpose, a homemade numerical simulation tool is presented in
the following section.
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Figure 3.4: (a) Propagation of a Gaussian beam with a beam radius of 250 pm through a thermal lens modeled with the
duct (black) and analytical (red) approach. The thermal lens is indicated by the grey rectangle. The arrow
indicates the propagation direction of the beam. (b) Magnification of the indicated area in plot (a).

3.1.3 Numerical Simulation Tool for Designing Resonators

To optimize the laser resonators and establish a good overlap between pump and laser mode, a
simulation of the resonator facilitates the choice of optics prior to an experimental investigation.
For this purpose, a facile homemade simulation tool was developed, which assumes a linear
resonator geometry terminated by an HR and OC mirror. The resonator includes optical
elements such as lenses, mirrors, a crystal, and the propagation through materials with an

arbitrary refractive index.

Figure 3.5 provides an overview over the steps required for the simulation. After defining the
resonator, the ABCD matrix is calculated for each element in the resonator. The matrices for
mirrors, lenses, and the propagation in a material with refractive index n are defined in [63]. Due
to its high flexibility, the crystal matrix is modeled with the numerical approach presented in the
Section 3.1.2. This tool is not limited to crystals with a homogeneous doping concentration, but
also crystals with varying doping concentrations along the crystal axis can be modeled. From
the ABCD matrices, the round-trip matrix Mgy of the resonator is calculated by multiplying
all optical elements that are passed within one round-trip through the cavity [38]. With the
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Figure 3.5: Flow chart of the numerical resonator simulation.

condition of self-consistency, the complex beam radius ggrr at the starting point of the round-trip

is calculated by

_ Mgr11qrT + MRT,12
Mgr,21qrT + MgT 22

grT (3.28)
grr 1s then propagated through the cavity by using Equation (3.8). From the complex beam

radius at the beginning and at the end of each element, the real beam radius in that element is

calculated by using the relations (3.5) and zg = % = Im(q).

The cavity can then be optimized with respect to mirror curvatures, element distances, and focal

lengths of the lenses such that mode matching is established over a wide range of pump powers.

An exemplary resonator is simulated with the introduced simulation tool. A plane HR mirror
and an OC with a radius of curvature of R = 0.5 m with a distance of L = 12.5 cm is assumed.
Further, n, = 10 % and a pump beam diameter of 2w, = 700 um is assumed. In a first step,
the average mode size in the crystal and on the OC mirror is calculated (see Figure 3.6). The
resulting resonator stability curves show a typical U-shape in accordance with the stability
curves presented by Magni in 1987 [67]. At the intersections of the pump beam diameter with
the average beam diameter in the crystal, the mode matching condition is fulfilled, which is a
requirement for lasers with a high beam quality. In case of a larger pump than resonator mode
diameter, especially at high pump powers, higher order modes with larger beam diameters can
start to build up. This typically results in a decrease in beam quality. In the case of a smaller
pump than resonator mode diameter, the wings of the resonator mode are outside of the gain

volume, resulting in reabsorption of the laser mode and an inefficient operation. Furthermore, in
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Figure 3.6: Mode size of (a) the resonator mode in the crystal (black) and the pump mode (red) and (b) the resonator
mode size on the OC mirror (blue).
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Figure 3.7: Mode size in the resonator at the mode matching points of 6 W (black) and 68 W (red) of pump power. The
inset shows the simulated resonator.

this case the resonator is operated near its stability limit which may lead to an instable operation.
The mode size inside the resonator is simulated for the mode matching points at 6 W and 68 W
of pump power marked in Figure 3.6 (see Figure 3.7). While at 6 W of pump power the thermal
lens is weak and the resonator is mainly stabilized by the curved OC mirror, the thermal lens is
strongly focusing at 68 W.

For a precise modeling of the resonators, it is indispensible to estimate the focal length of
thermal lens and the fractional thermal loading and calibrate the model against the experiment.

Section 3.1.4 presents experimental approaches to determine the thermal lens.
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3.1 Determination of the Thermal Lens

3.1.4 Experimental Determination of the Thermal Lens

To select reasonable parameters for the simulation and design of the resonators, it is necessary
to verify and calibrate the model. As the thermal lens parameters are critical and relatively
uncertain, it is necessary to estimate the focal length of the thermal lens and the fractional
thermal loading, for which a number of methods including geometrical methods, methods based
on the cavity modes, and interferometric measurements exist [44]. In the following sections,
the focal length of the thermal lens is estimated using two different methods. The first method
is based on the resonator stability criterion in a plane-plane resonator. The second method
uses the simulation approach presented in Section 3.1.3 in combination with beam diameter
measurements outside the resonator. An interferometric thermal lens measurement will be

presented in Section 4.2.5.

Estimation of Thermal Lens by Resonator Stability Criterion

As a resonator with a plane HR and OC mirror is located at the border of the stability zone [38],
it becomes stable as soon as a weak focusing lens is introduced in the resonator. In Figure 3.8,
this corresponds to the focal length f; (green arrow). On the other hand, when the focal
length becomes shorter than the distance from the more distant mirror, the resonator becomes
unstable (see red arrow in Figure 3.8). This criterion can be used to estimate an upper limit
of the thermal focal length of the laser crystal with the following measurement: At a fixed
resonator length L, the pump power is increased, which shortens the focal length of the thermal
lens until the resonator becomes unstable. When the laser crystal is placed closely to one of the
mirrors, the resonator length at the stability limit is an estimation of the thermal focal length at

the respective absorbed pump power. Under the assumption that the fractional thermal loading is

HR 0oC

»
1 »
mstable

Ho*":YAG

Figure 3.8: A plane-plane resonator is stable as long as the thermal focal length is longer than the distance of the
thermal lens from the more distant mirror.
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Figure 3.9: (a) Resonator length at the stability limit depending on the absorbed pump power for different configurations.
The lines correspond to a fit performed by reproducing the experiment with the simulation tool. (b) Fractional
thermal loading concluded from the measurement shown in (a). The small lateral offset between the data
points was introduced for reasons of clarity.

constant during one measurement, L /& fi, Pabs_1 holds. For the measurement, a Ho®t:YAG

crystal with a length of 26 mm and a doping concentration of 0.75 % was used.

Figure 3.9(a) shows the measured resonator length depending on the absorbed pump power
for different configurations. In addition to different OC transmissions (solid symbols: Toc =
30 %, half-solid symbols: Toc = 50 %, crossed symbols: Toc = 70 %), different pump
diameters (black: w, = 775 um, red: wp = 720 um, blue: w, = 650 ym) were investigated. A
higher OC transmission comes along with a shorter focal length of the thermal lens because
the intensity of the intracavity laser field is lower which decreases the probability of stimulated
emission and increases the influence of detrimental effects like upconversion, which lead to
an additional heat generation. When the pump diameter is decreased, the thermal focal length
becomes shorter, as a smaller pump diameter leads to a stronger local heating corresponding
to a stronger refractive index variation and a stronger focusing effect. For the parameter sets
with Toc = 30 % (solid symbols), the inverse proportionality of the resonator length with the
absorbed pump power is confirmed by the experimental data. For the other OC transmissions,
this proportionality can only be confirmed for some of the data points. On the one hand, this
is attributed to an increasing alignment sensitivity when the OC transmission is increased,
especially at long resonator lengths, which leads to an underestimated resonator length. On the
other hand, the assumption of a constant fractional thermal loading may not be true as is shown

in Figure 3.9(b). To determine the fractional thermal loading 7, the homemade simulation tool
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is used by numerically simulating the resonator length at which the resonator becomes unstable
for a fixed pump power and fitting the data shown in Figure 3.9(a). Besides the increase in
fractional thermal loading with an increasing output coupling, an increase in fractional thermal
loading is also observed with an increasing pump beam diameter. The former observation might
be explained by the lower intracavity laser field at a higher output coupling which decreases
the probability for stimulated emission and increases the probability for upconversion and non-
radiative processes. The latter observation might be explained by the larger absolute number of
ions that can be excited to the upper manifold and thus contribute to detrimental non-radiative
transitions. Overall, the fractional thermal loading is strongly dependent on the exact operation
parameters and can only be roughly estimated to be around 10-20 %. Another restriction is
further given by the measurement method. Because it uses the stability limit, the measurement
is conducted for a weak laser operation. However, the fractional thermal loading differs with
and without laser operation [42]. In laser operation, the fractional thermal loading is smaller due

to an increased probability in stimulated emission.

Estimation of Thermal Lens by Mode Simulation

To determine the thermal lens in laser operation, the beam diameter of the laser mode is
measured at different positions outside the cavity. By simulating the laser mode inside the

resonator and propagating it outside of the resonator, the measured beam diameters are fit.
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Figure 3.10: (a) Beam diameter measured outside the resonator and simulated mode fitting the data points for different
pump diameters at a fixed pump power of 45 W. Data exemplarily shown for the vertical beam direction.
(b) Focal length of the thermal lens for the vertical and horizontal beam direction concluded from the
measurement shown in (a).
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A 12 cm long plane-plane resonator was set up for the experiment. Figure 3.10(a) shows the
data points and mode simulation for an OC transmission of 50 % and varying pump diameters
between 700775 um for the vertical beam axis. From the simulated mode parameters, the
thermal focal length is calculated (see Figure 3.10(b)). Thermal focal lengths around 12—
15 cm were determined depending on the beam axis and pump diameter. In comparison with
the measurement based on the resonator stability limit, these values are smaller because the
measurement was conducted at a higher absorbed pump power of 44 W. As expected, an
increase in the focal length with increasing pump diameter is observed. Furthermore, the focal
length is longer for the vertical than for the horizontal beam axis by a factor of approximately
1.1. This results from the thermally induced bifocusing as explained in Section 2.2.3 and is in

the expected order of magnitude.

3.2 Experimental Methods

In addition to the simulation methods, the experimental methods and measuring instruments are
explained in Section 3.2.1. In Section 3.2.2, a basic Ho3*:YAG resonator is characterized with
the methods introduced before. Section 3.2.3 then focuses on the thermal blooming effect of the

pump beam.

3.2.1 Measuring Instruments and Experimental Procedures

Parameters that are of particular interest for the characterization of a laser are its output power,
beam profile and beam quality, pulse characteristics as well as its spectral output. The following

section explains the working principle of the instruments needed to measure these parameters.

Laser Power: Thermopile Detectors

To measure the high average laser powers, a temperature measurement is carried out. Fig-
ure 3.11(a) depicts a schematic representation of a laser power detector. A sensor disc absorbs
the incident laser light creating a radial heat flow. The sensor disc is surrounded by a thermopile

consisting of a series of thermocouples. In a thermocouple, two electric conductors are
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Figure 3.11: (a) Schematic representation of a thermal sensor. The illumination area is surrounded by a thermopile,
which converts the heat created by the absorbed laser radiation into a voltage (based on [70]). (b) Working
principle of a thermopile consisting of N thermocouples (based on [69]).

connected. When the contact point is at a different temperature than the end points of the

conductors, a current is induced leading to a measurable voltage of

T
U, = / ' Sas(T) AT (3.29)
To
between the end points [68]. Tp is the temperature at the end points, 7} is the temperature
at the contact point, and Sag(7’) is the temperature-dependent relative Seebeck coefficient
of the two materials. As in a thermopile multiple thermocouples are connected in series (see
Figure 3.11(b)), the voltages of the individual thermocouples add up [69]. Consequently, the
exact beam size and position on a power detector is not relevant because the entire illumation
area is surrounded by a thermopile. Depending on the incident radiation, different types of
absorber layers, e.g. surface or volume absorbers, are used. Due to the radial heat flow, the

response time in such a detector depends on the size of the absorber. [70]
Depending on the laser power, different thermal sensors were used in this thesis: Ophir 2A-BB-9,
Ophir 30A-BB-18, Ophir 30(150)A-SV-17, and Ophir FL400A-BB-50.

Laser Beam Profilers: Pyroelectric and Microbolometer Detectors

In addition to thermal detectors for measuring the laser power, sensors for measuring the laser
beam profile are also based on thermal effects. Two main technologies are used to measure

laser beam profiles in the 2 um range. Pyroelectric detectors are based on the pyroelectric effect,
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whereas microbolometers exploit the temperature dependence of the specific resistance [69]. In
both cases, the incoming infrared radiation is absorbed resulting in a temperature increase of the
sensor, which is converted into an electrical signal [69].

In pyroelectric sensors, a pyroelectric crystal is polarized due to the change in temperature.
As a consequence, the surface of the crystal charges. By modulating the incoming radiation,
the change in charge can be measured by two electrodes placed on the opposite sides of the
pyroelectric crystal (see Figure 3.12(a)). In pyroelectric sensor arrays, the spatial resolution is
limited by the heat conduction between the single elements [69]. A typical pyroelectric crystal
is lithium tantalate (LiTaO3), among others, and pixel sizes around 75 pm are commercially
available [71, 72].

In bolometers, a temperature-dependent resistance is thermally isolated from a heat sink and a
current flows through the sensor element. When it is irradiated, its specific resistance changes
which leads to a change in voltage. In contrast to pyroelectric sensors, no modulation of the
incoming infrared radiation is required. Microbolometers are based on micro-electromechanical
systems (MEMS) reaching pixel sizes down to 17 pym. Typically, a vanadium dioxide (VO3)
bolometer is isolated from the silicon substrate by a MEMS bridge (see Figure 3.12(b)). On top

of the substrate, the electrical read-out circuit and a reflective layer, which forms a A /4-resonator

! I
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Figure 3.12: Schematic setup of (a) a pyroelectric sensor (based on [73]) and (b) a microbolometer sensor (based on [74,
75)).
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with the bolometer layer to receive an optimized absorption, are located. The distance between
the bolometer and the substrate is in the pm range. Thus, the microbolometer has to be
encapsulated in a vacuum, as otherwise the surrounding gas would lead to heat conduction

between the bolometer layer and the substrate. [76]

Detectors based on both technologies were used in this thesis. For practical purposes, the main
difference lies in the pixel size. Assuming a minimum number of ten illuminated pixels for a
reliable measurement, the measurable beam diameter is 800 um with the pyroelectric sensor and
170 um with the microbolometer sensor. The detectors were mainly used for monitoring the

laser beam profile and determining the beam propagation factor.

To correctly determine the beam propagation factor of a laser beam as a measure for the beam
quality, ISO 11146-1:2021 [77] has to be considered. To follow that, a focusing element with
a focal length f is placed in the laser beam such that a beam waist is generated. The beam
propagation factor M? is then determined by measuring the beam diameter at various positions

along the beam propagation direction z and fitting the hyperbolic beam diameter given by

MZWH (L) 530

TWg

M? describes how close the laser beam approaches a diffraction-limited Gaussian beam, which
is characterized by M? = 1 [78]. Thus, the parameter M? is a measure of how tightly a beam
with a given divergence angle can be focused or vice versa how strong a beam with a given
focus diverges. The beam diameter has to be measured at least at ten different positions, with
one half of the measurement points lying within one Rayleigh length of the beam waist and the
other half outside of two Rayleigh lengths of the beam waist. Some exemplary measurement
planes are indicated as red dashed lines in Figure 3.13. The beam diameter is measured with an
Ophir Pyrocam IITHR (pyroelectric sensor) or a DataRay WinCamD-IR-BB (microbolometer
sensor). In both cases, the D4c definition is used for the beam width. In this definition, the
beam width is defined as four times the standard deviation of the intensity distribution of the

beam, mathematically expressed as [77-79]

2[5 I(z,y)(z — 20)?dady
7[5 I(z, y)dady

Dido = 4 (3.31)
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Figure 3.13: Schematic setup used for the determination of the beam propagation factor M?2.

where x( is the centroid of the distribution in x-direction. In case of a diffraction-limited beam,
the D4o definition corresponds to the 1/ €2 beam radius [79].

Another measurement for which the detectors are used is the determination of the angular
pointing described in ISO 11670:2003 [80]. With this measurement, the beam angle with
respect to the optical axis is determined by exploiting the fact that a focusing lens transforms
the angle 6 of the beam with the optical axis into an offset  on a detector. The detector
is placed in the distance of the geometrical focal length of the lens f. The beam angle is
then given by

(3.32)

|

Pulse Characterization: PEM Detectors

To characterize the laser pulses, detectors based on the photoelectromagnetic (PEM) effect are
used [81]. When light is incident onto a semiconductor material, it is absorbed according to the
Beer-Lambert law, leading to a concentration gradient n of the generated electron-hole pairs,
which is highest near the surface of the absorber. Thus, the charge carriers diffuse into the bulk
of the material (see Figure 3.14(a)). When an external magnetic field is applied perpendicular
to the incident light, electrons and holes are deflected to opposite sides of the semiconductor
material (see Figure 3.14(b)). Consequently, an electric field builds up and a voltage, which

depends on the intensity of the incident light, can be measured. [82-84]
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coe e

Figure 3.14: Qualitative explanation of the photoelectromagnetic effect (based on [83]). (a) Diffusion direction of
electron-hole pairs due to the concentration gradient induced by light absorption. (b) In a magnetic field,
electrons and holes are deflected in opposite directions. (c) Between the ends of the semiconductor, a
voltage can be measured.

By connecting a PEM detector (VIGO HgCdTe (MCT) Photovoltaic Detector PEM-10.6) to
an oscilloscope (Tektronix TBS2000B Digital Storage Oscilloscope), the pulse shapes of the
incident laser pulses are measured. From the pulse shape, the pulse duration is determined
numerically by calculating the standard deviation o of the pulse distribution. The pulse duration
At, is then given by the FWHM of the distribution: At, = 2v/2In20. Together with a
knowledge of the laser power and repetition rate, the pulse energy and pulse peak power can
be deduced.

Spectral Characterization: Optical Spectrum Analyzer

To characterize the spectral output of the 2 um laser source and the mid-wave infrared radiation,
an optical spectrum analyzer (OSA) is used. The OSA used in this work is based on a Czerny-
Turner spectrometer in which the diffracting element is a grating [85]. Figure 3.15 shows a
schematic representation of a Czerny-Turner spectrometer. The light to be analyzed enters the
OSA through the entrance slit, is collimated by a mirror, and illuminates a reflection grating.
At the grating, the light is divided into its spectral components because the diffraction angle
depends on the wavelength. A focusing mirror images the light onto the detector plane. Overall,
the spectrum is thus spatially resolved. The exit slit in front of the detector ensures that only a
limited spectral width is detected. By rotating the grating, different spectral components can
be analyzed. [86]
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Figure 3.15: Schematic representation of a Czerny-Turner spectrometer (based on [75]).

In this work, a Yokogawa AQ6375B Optical Spectrum Analyzer was used. The maximum
resolution of this device is specified to 0.05 nm [87].

3.2.2 Characterization of a Basic Ho*:YAG Laser Setup

In the following section, a basic Ho®*:YAG resonator is described and characterized exemplarily.
This is intended to provide a reference point for evaluating the improvements achieved through

this work and to justify the choice of certain parameters.

The investigated resonator layout is depicted in Figure 3.16(a). The collimated output beam of a
commercially available Tm?3*-doped fiber laser with a beam diameter of 5.5 mm is focused into
the laser crystal with a beam diameter of 500-600 um by a Galilean telescope consisting of the
lenses Ly and Lo (R < 0.5 % for 1850-2200 nm). The pump laser has a maximum output power
of 106 W and emits with a beam propagation factor M? < 1.1 at 1907.6nm. The °Ig — °I;
transition is resonantly pumped by this wavelength [47, 88]. The input coupling is realized by
an input coupling (IC) mirror (R > 99.9 % for 1908 nm, R > 99 % for the s-polarized 2090 nm
light and R < 2 % for the p-polarized 2090 nm light). Due to the high reflectivity of the IC
mirror for the s-polarization of the 2090 nm light, high losses are introduced for this polarization
ensuring a linearly p-polarized output. The Ho?>*:YAG crystal is 28 mm long and doped with
0.7 %, which means that 0.7 % of ytterbium ions of the host crystal have been replaced by
Ho3*-ions, to mitigate upconversion losses [46, 47]. It is mounted in a copper heat sink and
water-cooled to 20 °C. The cavity is formed by a plane HR mirror (R > 99.9 % for 1900—

2100 nm) and a concave OC mirror with a radius of curvature of 0.3 m and the transmission of
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Figure 3.16: (a) Schematic setup of the reference resonator. (b) V-shaped pass of the pump beam through the laser
crystal (dotted blue line).

the mirrors is varied from 30-70 %. The physical cavity length is 10 cm. The cavity is designed
as short as the physical dimensions of the components allow to achieve short Q-switched pulses.
In addition, a shorter cavity allows for a wider range of accepted thermal focal lengths. Because
the HR mirror is highly reflective at the pump wavelength, the pump light passes the laser crystal
twice resulting in an optimized absorption. However, the HR mirror is tilted by a small angle
for the pump beam to avoid a direct back-reflection into the pump source. The back-reflected
light is instead directed on a power meter by a scraper mirror ensuring the measurement of the
residual pump power. Due to the angle of the HR mirror, the pump mode inside the laser crystal
has a V-shape in the horizontal axis (see Figure 3.16(b)). To keep this effect small, the distance
between the HR mirror and the Ho®>":YAG crystal is minimized. In addition, the resonator
contains an AOM for Q-switching, which is connected to its driver transmitting the modulation
signal generated by an arbitrary function generator (Tektronix AFG31000 Series Arbitrary
Function Generator). Furthermore, an 80 um thick fused silica etalon allows the selection of the
2091 nm longitudinal line, which is the strongest emission line of Ho?>*:YAG, thus it ensures

an efficient operation [89].

As the setup has been explained, the choice of OC mirror is now reasoned by simulating the
mode diameter in the laser crystal for different conditions (see Figure 3.17). For all simulations,
a fractional thermal loading of 12 % is assumed. At first, the pump diameter is fixed to 550 um
and the OC curvature is varied from 0.1 m up to a plane mirror corresponding to an infinite
radius of curvature. Within this range of radii of curvature, the resonator is stable up to an
absorbed pump power of 74 W. A smaller radius of curvature is equivalent to a smaller mode
diameter in the crystal due to an increased focusing effect of the OC mirror. To obtain high
output powers, the mode matching point with a higher pump power at the intersection of the
pump diameter (dashed line) and the crystal mode diameter (solid lines) is of interest, as a mode

matching of the pump and laser mode is essential for a laser with a high beam quality. For
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Figure 3.17: (a) Mode diameter in crystal depending on the absorbed pump power for different OC curvatures. The
pump diameter is fixed to 550 um (dashed line). (b) Mode diameter in crystal depending on the absorbed
pump power for different pump diameters. For demonstration purposes, the OC curvature is fixed to 0.1 m.

a stronger curvature of the OC mirror, this mode matching point is at a higher pump power,
therefore leading to an increased output power. However, this comes at the expense of an
operation close to the stability limit which typically leads to fluctuations in the output power
and beam quality. Therefore, such an operation mode should be avoided. On the other hand, if
the pump diameter is adapted to the small mode resulting with the 0.1 m OC mirror, the stability
limit drastically shifts to a lower pump power due to the increased thermal lensing (see red
curve in Figure 3.17(b)). As a consequence, the expected output power is strongly reduced.
It is therefore essential to select an OC mirror that matches the resonator length and pump
diameter. Due to a compromise between the mode matching at a high power and an operation
at a sufficient distance to the stability limit, an OC mirror with 0.3 m radius of curvature

is selected.

The optimal OC reflectivity is determined experimentally by characterizing resonators with
different OC reflectivities with respect to output power, pulse characteristics, and beam quality.
Figure 3.18 shows the output power of the resonators with different OC transmissions depending
on the pump power. The pump threshold increases with an increasing OC transmission, as this
corresponds to a decreased intracavity laser field intensity. The slope efficiency is maximal for
an OC transmission of 40 %, whereas the maximum output power of around 50 W is measured
in the resonator with the 50 % transmission OC mirror. This is due to the overall lowest
parasitic losses while absorbing the pump light efficiently at the same time. Figure 3.19(a) and
Figure 3.19(b) shows the residual pump power and the depolarized power reflected from the
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Figure 3.18: Ho3%:YAG output power depending on pump power for different OC transmissions.
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Figure 3.19: (a) Residual pump power and (b) depolarized power for different OC transmissions.

IC mirror, respectively, depending on the pump power. Because a lower OC transmission is
equivalent to a higher intracavity laser intensity, the electrons are de-excited from the upper laser
level by stimulated emission more efficiently. As a consequence from their transfer to the lower
manifold, more pump photons can be absorbed, which leads to a reduced residual pump power.
A further consequence of the high intracavity laser field is the increased depolarization loss.
For the OC transmission of 50 %, both an efficient pump light absorption and an acceptable

depolarization loss are ensured.
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In Q-switched operation, the AOM is operated at 50kHz. The pulse characteristics are deter-
mined by extracting 250 pulses from the oscilloscope connected to the PEM detector with
a resolution of 1ns. The maximum pulse energy of 0.9 mJ is achieved with the 50 % OC
mirror (see Figure 3.20) for a pump power of 68 W. The pulse duration and the temporal pulse
center, which is a measure for the pulse build-up time, in dependence on the pump power are
shown in Figure 3.21. Both show the expected reciprocal relation with the pump power. The
pulse duration is shortest for a low OC transmission, but it converges to 50 ns independent of the

OC transmission at high pump powers. The same observation is made for the pulse center which
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Figure 3.20: Ho?t:YAG pulse energy depending on pump power for different OC transmissions.
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Figure 3.21: (a) Pulse duration and (b) temporal pulse center for different OC transmissions.
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converges to approximately 1.4 ps at a high pump power. Here, the pulse center is the time that
is measured for the pulses to reach the peak power from the moment that the Q-factor of the
cavity is increased. Because the time required for the decay of the sound wave equals the time
that the sound wave needs to travel from the ultrasonic transducer to the optical axis of the laser
mode, the pulse center does not equal the pulse build-up time, but it does allow a comparison of
the pulse build-up time at different pump powers.

Another important measure to evaluate the Q-switched output is the pulse stability. It is
determined by calculating the root mean square (RMS) deviation of the pulse energy. A large
pulse instability is typically associated with a large pulse jitter, which means that the pulses
are not emitted at well-defined times. A high pulse stability is reached in the case when a
good mode matching between pump and laser mode is established. Examples of instable and
stable pulses are shown in Figure 3.22(a) and Figure 3.22(b), respectively. The pulses were
recorded at a pump power of 44.4 W and 68.5W in the resonator with the OC mirror with
50 % transmission. The instable pulses have an RMS energy deviation of 15.8 % and only
show a small temporal overlap, whereas the stable pulses have an energy deviation of 1.7 %
and further show a good temporal overlap. The instable pulses at 44.4 W of pump power are
a consequence of a large mode mismatch of pump and laser mode. In contrast to this, the
stable pulses at 68.5 W of pump power indicate a good mode matching, which is verified by
a determination of the beam propagation factor (see Figure 3.23(a)). In both beam axes, the

beam propagation factor is 1.12. The beam is further slightly astigmatic, which comes from
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Figure 3.22: (a) Instable pulses recorded at a pump power of 44.4 W corresponding to an average pulse energy of 0.55 mJ.
The RMS deviation is 15.8 %. (b) Stable pulses recorded at a pump power of 68.5 W corresponding to an
average pulse energy of 0.91 mJ. The RMS deviation is 1.7 %.

65



3 Theoretical and Experimental Methods

@95 S —
E () ()
: 2.0 - . . . 5
) . o« 4 F
15 : 38
3 . &
S 9 <
2 1.0 P g/ 0 ' "
g ' 1
ﬁ e Az,
0.5 1.00L— L L L L 1()
0 20 40 60 30 40 50 60 70
Position in cm OC transmission in %

Figure 3.23: (a) Measurement of beam propagation factor with 50 % OC transmission at 68 W of pump power yielding
45 W of output power. (b) Quantification of astigmatism as a ratio of the beam waist diameters in the z-
and y-direction and the difference of the beam waist positions. A higher OC transmission comes with a
weaker astigmatism.

the thermally induced bifocusing of the laser crystal. Because the beam axis in which the
beam is linearly polarized experiences the smaller focal length f,., the stability limit is closer,
which leads to a widening of the beam in this axis and explains the different beam diameters
in the horizontal and vertical beam axis. The second contribution for the astigmatism results
from the tilted 45° mirror. Tilted elements in resonators effectively have a different path length
in the sagittal and tangential plane of the beam. Therefore, the effective resonator length is
slightly different in both beam directions [90]. Especially when the resonator is operated near
its stability limit, small deviations in the resonator length strongly influence the resonator mode
sizes. The beam propagation factor was measured for the different OC transmissions at a
pump power of 68.5 W and the astigmatism was quantified by calculating the ratio of the beam
waist diameters in the vertical and horizontal beam axis and the difference of the beam waist
positions. Although the fractional thermal loading was shown to increase for an increasing OC
transmission in Figure 3.9, the trend is towards a weaker astigmatism when the OC transmission
is increased. This might be explained by two contributions: Firstly, as the absorbed pump power
decreases with an increasing OC transmission, the thermal lensing is weaker. Secondly, the
number of cavity round-trips is reduced with an increasing OC transmission, thus the influence

of the thermal lens is decreased.

Figure 3.24 shows the spectral output for different OC transmission. A shift towards a longer

wavelength is observed when the OC transmission is reduced. This is in line with the results
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Figure 3.24: Spectral output depending on the transmission of the OC mirror.

obtained by Kwiatkowski et al. [91]. Additionally, a broadening of the spectrum with a higher
OC reflectivity is observed as a result of the different manifold population densities and the

resulting different gain cross-sections.

As a result of the previous investigations, the OC reflectivity is fixed to 50 % mainly due to the

optimized output power that is achieved in this configuration.

3.2.3 Qualitative Assessment of Thermal Blooming
of the 1908 nm Pump Beam

In this section, the influence of water vapor absorption of the 1908 nm pump beam on its beam
propagation is qualitatively investigated. This effect is discussed here, as it is relevant for the

explanation of observations described in Chapter 4 and 5.

When a laser beam propagates through a turbulent medium, it is distorted due to inhomo-
geneities in the refractive index of the medium [92]. In the case of a heat-induced turbulence,
this effect is referred to as thermal blooming [92, 93]. In this work, the effect becomes relevant
for the Tm>*-doped fiber laser emitting at 1908 nm that is used to pump the Ho?>t:YAG laser
crystal. Figure 3.25(a) and Figure 3.25(b) show the absorption coefficient of water vapor
from 0-10pm and around 1.908 um, respectively. In addition, the spectral output of the
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Figure 3.25: Absorption coefficient of water vapor obtained from the HITRAN database [94] and calculated with the
HITRAN Application Programming Interface (HAPI) [95] from (a) 0-5 pm and (b) around 1908 nm.

Tm3 7 -doped fiber laser cooled to 22 °C and emitting at 80 W is included in Figure 3.25(b).
The line-by-line transition data was obtained from the high-resolution transmission molecular
absorption (HITRAN) database [94]. To calculate the absorption coefficient from the line
intensities, the HITRAN Application Programming Interface (HAPI) was used [95]. When
a gas is exposed to pressure and temperature, the transition lines broaden homogeneously
due to collisions of the molecules and inhomogeneously due to thermal movement of the
molecules [63]. This is taken into account by assuming a Voigt profile for each of the lines [96].
Figure 3.25(b) shows the overlap of the spectral emission of the Tm3*-doped fiber laser with
the 1.907 um absorption line. Thus, when the laser is propagated through undried air containing
water vapor, it is partially absorbed. This leads to a heating of the air, which decreases the
refractive index due to expansion and convection [92, 97]. As a consequence, the laser beam is
defocused. Thermal blooming becomes especially critical when the laser intensity is high and

the propagation length through the ambient air is long.

To observe this effect qualitatively, the output beam of the Tm?+-doped fiber laser is focused
by a lens with a focal length of f = 57 cm and is subsequently reflected by an HR mirror (see
Figure 3.26). A small amount of light passes the HR mirror and propagates through the air
with a negligible thermal blooming effect, as the air is not heated due to the low power of
the beam. The part of the beam that is reflected from the HR mirror propagates through the
ambient air with a high power resulting in the presence of the thermal blooming effect. The
propagation distance for both beams is approximately 70 cm. For both beams, the divergence

and beam propagation factor M ? are measured to estimate the diameter in the beam waist. The
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Figure 3.26: Schematic setup to qualitatively measure the thermal blooming of the Tm3+ fiber laser.
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Figure 3.27: (a) Beam waist diameter with and without thermal blooming (TB) depending on the power. (b) Beam
propagation factor M? with and without thermal blooming depending on the pump power. z/y refers to
the horizontal/vertical beam axis.

beam diameter of the thermally bloomed beam is expected to be larger due to the defocusing
nature of thermal blooming in air. The measurement was conducted at an average temperature
of (23 +1)°C and a relative humidity of (49 + 3) % corresponding to an absolute humidity
of (10 £ 1) g/m>.

Figure 3.27(a) shows the beam waist diameter with and without thermal blooming for the
horizontal (z) and vertical (y) beam axis. Without thermal blooming, the beam diameter is
only slightly increasing with increasing power and it is about 270 um in diameter. With thermal
blooming, an increase in beam diameter is observed in both beam axes, with the beam diameter
in the vertical axis showing a stronger increase. Besides, a trend towards a stronger increase in
beam diameter with increasing power is observed. This is explained by the increased heating of
the air due to the higher laser intensity. The beam propagation factor without thermal blooming
is around 1.15 in both beam axes and constant over power. Under the presence of thermal
blooming, the beam propagation factor mainly increases in the vertical beam axis to a value

of almost 1.3, whereas it is similar to the value without thermal blooming in the horizontal
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Figure 3.28: (a) Change in vertical beam diameter over time without (black) and with (red) thermal blooming (TB).
(b) Pointing angle in the horizontal (z) and vertical (y) direction. Measurements conducted at a laser
power of 106 W.

axis within the limits of measurement accuracy. The asymmetry in the horizontal and vertical
direction results from a complex interplay of the heating of the air, the flow conditions near the
optical table induced by the flow box, and the exact distribution of the water vapor concentration.
The detailed description and investigation of these contributions would be beyond the scope of
this thesis.

Next to the defocusing effect of thermal blooming, a further effect is observed: a considerable
instability of the beam diameter and angular pointing over time. To observe this effect, the pyro-
electric detector is positioned in the distance of the focal length of an f = 23.6 cm plano-convex
lens and the beam diameter and beam centroid are measured over 1000 frames at the maximum
laser power of 106 W. The maximum change in beam diameter is around 1 % without thermal
blooming in both axes, whereas it is 10 % in the horizontal and 14 % in the vertical beam axis
when thermal blooming is present (see Figure 3.28(a)). In this setup, a change in beam diameter
on the detector corresponds to a change in divergence in front of the focusing lens which is in turn
connected to a change in beam waist diameter. Figure 3.28(b) shows the beam centroid position
on the detector converted into the pointing angle. Without thermal blooming, an average pointing
angle of around 15 prad is determined in all directions. With thermal blooming, the pointing an-
gle is symmetric in the horizontal axis and takes a mean value of 100 urad. In contrast to this, an
asymmetry is observed in the vertical beam axis, where the average pointing angle in the negative

direction is approximately 100 prad, whereas it amounts to 160 urad in the positive direction.

70



3.2 Experimental Methods

20} —— Beam diameter x ]
—— Beam diameter y

ol — Absolute humidity

-10

Deviation from mean in %

-20

0 500 1000 1500 2000 2500 3000 3500
Time in s

Figure 3.29: Beam diameter in the horizontal (x) (black line) and vertical (y) (red line) beam direction and the absolute
ambient humidity (blue line) measured over a time of 1 h.

Thermal blooming has severe effects on the laser output of the Ho31:YAG laser, as it defines the
pumped volume. This is especially problematic when the ambient conditions change through
the use of air conditioning. Figure 3.29 shows the change in the far-field beam diameter of
a Ho?t:YAG laser operated at 50 W close to the resonator stability limit and the absolute
humidity of the ambient air. The data show a negative correlation with a correlation factor of
-0.8 between the absolute humidity and the horizontal beam diameter and a correlation factor
of -0.93 between the absolute humidity and the vertical beam diameter. With a decrease in
the absolute humidity, the thermal blooming decreases, which in turn reduces the pump beam
diameter. As a consequence, the thermal lens becomes stronger, which shifts the operation
point closer to the resonator stability limit, thus it results in an increased output beam diameter.
Consequently, the experiments in this work were conducted at roughly constant humidity

conditions to eliminate this effect.

In conclusion, this section has provided qualitative data on the thermal blooming of the Tm3™ -
doped fiber laser in the laboratory environment. Both a defocusing of the beam as well as an

increasingly unstable behavior over time has been observed.
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4 Power Scaling of Ho’":YAG
Resonators

In this chapter, two approaches for the power scaling of Ho3":YAG resonators with a near-
diffraction-limited beam quality are presented. The power scaling capabilities by improving the
thermal management inside the crystal are investigated in Section 4.2. Section 4.3 presents the

power scaling in a MOPA system.
Section 4.2 is based on the results discussed in the publication:

K. Goth, M. Rupp, M. Griesbeck, M. Eitner, M. Eichhorn, and C. Kieleck, “Limitations of ho-
mogeneous and segmented single-crystal compact TEMgo-mode Ho3*:YAG laser resonators,”
Applied Physics B, vol. 129, no. 6, p. 95, 2023. DOI: 10.1007/s00340-023-08033-8.

4.1 Introduction

As a strategy for building crystal lasers with a diffraction-limited beam quality, end-pumping the
laser rods is the most suitable pump geometry because this enables an optimal mode matching
between the pump and the laser mode. However, a high beam quality requires the pump mode to
be adapted to the laser mode, which typically results in small mode diameters, especially when
compact designs are desired [39, 99, 100]. Due to the exponential absorption of the pump light,
this leads to high peak temperatures that come along with thermally induced stress peaks near
the front facet of the laser crystal [99]. In the worst case, crystal fracture is the consequence, but
even when this limit is not reached, the thermally induced stresses lead to birefringence, thus
a deterioration in beam quality and optical losses result [39, 101]. A solution for reducing the

temperature peak at the crystal front, which has been proven to be useful, is the attachment of an
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undoped end cap, fabricated from the same material as the crystal host material, to the front of
the crystal by diffusion-bonding [39]. This results in an axial heat transport from the doped into
the undoped region, therefore drastically reducing the peak temperature inside the crystal [99].
In addition, end face bulging is avoided [39]. Such composite crystals have widely been used for

the power scaling of laser resonators in the last decades [102—105].

When this approach is thought further, an improved thermal management along the crystal
axis cannot only be generated by attaching undoped end caps but also by the diffusion-bonding
of differently doped crystal segments. By using increasingly doped crystal segments along
the pump light direction, the pump light absorption is optimized, leading to a more uniform
longitudinal temperature gradient. This results in a further peak temperature and stress reduction
as compared to only attaching an undoped end cap [106]. This approach has been used in a
wide variety of laser crystals including Nd3+:YAG [32, 107, 108], Nd3*:YVO, [109, 110],
Nd3*:YLF [111], Tm®*+:YAG [112], and Yb3+:YAG [113] in recent years. In addition to an
improved output power and slope efficiency, an improvement in the beam profile and beam
quality was reported [32, 108, 112]. Furthermore, with a multi-segmented crystal a weaker ther-
mal lensing effect was observed [109, 110]. Wilhelm et al. and Jiang et al. have also presented
different optimization strategies for designing multi-segmented crystals [100, 111]. Besides
multi-segmented crystals, some groups have researched on gradient-doped laser crystals, e.g.
Nd3*:YAG [114, 115], Nd3>+:YLF [116], and Cr?*:ZnSe [117], which are intended to generate
a constant absorption over the crystal length. However, the fabrication of gradient-doped

crystals remains challenging [100, 111, 118].

The multi-segmented approach has so far not been used in Ho?>t:YAG lasers. Due to their
efficient resonant pumping scheme and the resulting low quantum defect, the heat generation
in Ho3T:YAG lasers is low [119]. Therefore, it is unclear whether a multi-segmented crystal
leads to a significant improvement of the laser performance. This question is addressed in
Section 4.2.

Another approach for the power scaling of Ho>*:YAG laser resonators with a diffraction-
limited beam quality is the amplification in a single- or multi-stage amplifier system. With
only an oscillator, the output power cannot be scaled infinitely, as thermal lensing and thermal
distortions drastically increase at elevated pump powers resulting in a deterioration of the beam
quality [120]. By adding an amplifier system, an output power scaling of the laser system
is enabled while maintaining the beam quality, thus increasing the brightness of the laser

source [39]. The preservation of the beam quality is explained by the lower influence of the
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thermal lens in the amplifier crystal because it is only passed once, whereas it is passed multiple
times in a resonator geometry [39, 121]. Additionally, no resonator stability criteria limit the
achievable output power and the mode matching in an amplifier is uncritical, which enables
to use a larger pump than laser beam diameter to mitigate thermal lens aberrations. In addition
to the beam quality, the pulse width and repetition rate as well as the spectral width are mainly
determined by the oscillator in a MOPA system [39, 121]. In contrast to this, the amplifier stage
determines the output power and pulse energy [39]. Besides the power and energy scalability, a
MOPA system offers further advantages. Firstly, the oscillator can be operated at a lower output
power mitigating the risk of damaging intracavity optical components [122]. Secondly, when the
Ho3T:YAG source is used as pump source for an OPO, the resonator needs to be protected from
back-reflections occuring at the OPO components, which cause instabilities [123]. Typically,
Faraday isolators are used for this purpose. However, these components are power limited
due to parasitic absorption [124]. Here, an amplifier system allows to scale the output power
subsequent to the isolators. The disadvantages of a MOPA system are the increased complexity

and the lower compactness compared to laser resonators.

MOPA approaches have already widely been used to increase the output power of Ho>*:YAG
lasers [30, 120, 125]. In 2018, Zhao et al. showed a two-stage amplifier system with an
output power of 231 W [120]. Liu et al. reported a total output power of 332 W from a
two-stage amplifier in 2021 [30]. In 2022, Mi et al. presented a 450 W Ho>+:YAG MOPA
system comprised of three amplifier stages and they further investigated the depolarization
losses of the system [125]. In all these MOPA systems, the beam quality factor was well
below M? < 2.

In Section 4.3, a single-stage Ho?>*:YAG amplifier is investigated. In distinction to already
existing literature, the focus in this thesis is set to the investigation of the amplification behavior

for different pump powers and the agreement with an appropriate physical model.

4.2 Resonator with a Segmented Laser Crystal

The following sections describe the design and characterization of the segmented crystal as well
as its use in a laser resonator. At first, theoretical considerations concerning the design of a
segmented crystal are presented in Section 4.2.1. This includes the calculation of the optimal

longitudinal doping concentration. Section 4.2.2 shows the experimental characterization of the
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designed segmented crystal. The cavity design in which both the segmented and a corresponding
homogeneously doped crystal are compared and its optimization are presented in Section 4.2.3.
In Section 4.2.4, details on the optimum resonator configurations with both laser crystals
are given. For a further investigation of the crystals, an interferometric investigation of the
thermal lens is presented in Section 4.2.5, which provides information on the radial temperature
profile in the crystal. Information on the longitudinal temperature distribution is generated by
a simulation based on a beam propagation method and the results are presented in Section 4.2.6.
Finally, Section 4.2.7 explains the differences of the resonators with the two crystals by means
of resonator stability criteria and discusses differences to existing literature. The investigation of
the resonator with the segmented crystal is concluded with a summary in Section 4.2.8.

4.2.1 Theoretical Considerations on Segmented Crystals

In this section, the optimum longitudinal absorption coefficient required for a uniform pump
light absorption over the length of the crystal is derived. The derivation is shown for single- and
double-pass pumping and the results are compared to a conventional homogeneous doping con-
centration. Then, the absorption properties of a segmented crystal comprised of N increasingly
doped segments are derived. Finally, the numerical approach used for the optimization of a
segmented crystal with four segments is described.

Calculation of the Optimal Absorption Coefficient

The heat generated in the laser crystal depends on the absorbed pump power per unit length.

Figure 4.1 schematically illustrates the absorption of light in a medium with width dz and

P(z) P(z+dz)

Figure 4.1: Derivation of absorbed power —dP(z) in a medium with absorption coefficient a(z).
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absorption coefficient «(z) when the pump light passes the crystal in a single-pass. For the
absorbed light —dP(z) in the medium, it holds:

—dP(z) = —(P(z+dz) — P(z)) = a(z)P(z)dz, 4.1

where P(z) and P(z + dz) are the incident and transmitted pump power, respectively. This

differential equation is solved by

P(2) = Pyexp (- /O Za(z’)dz’) . “2)

Thus, in a single-pass of the pump light, the absorbed pump power per unit length is given by

dP i
Py(z) = — (2) = a(z)Pyexp (/ a(z’)dz') . (4.3)
dz 0
In the case of a homogeneously doped reference crystal with length L, and a constant absorption

coefficient avg, an absorbed pump power per unit length of
Promsp(2) = ag Py exp (—apz) 4.4)

results. Provided that an axial heat transport is neglected, the generated heat and the temperature
in the crystal are proportional to the absorbed pump power per unit length, therefore they follow
this exponential decay as well. Consequently, a higher heat load results near the front facet of

the crystal than at the end facet.

In the case of a single-pass pumping scheme, a homogeneous heat distribution is achieved
with a longitudinally varying absorption coefficient a,(2), which is derived by requiring
that Py,(z) is constant. From Py, (2) E Py, (0), a differential equation results for the optimal

absorption coefficient:

‘b‘;i"z(z) = agp(2)?  with 4.5)
asp(o) — l_eXp—M ) (4.6)

Lo

The initial condition (4.6) is derived by requiring that the total absorption averaged over the

crystal length in the homogeneously doped crystal is the same as the constant absorption in
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the crystal with an optimal doping concentration. Solving Equation (4.5) with a separation of

variables approach yields the optimal absorption coefficient [100]
Lo !
asp(z) = <1_e—a0LO — Z) . (47)

The approach for calculating the optimal absorption coefficient in a double-pass pumping
scheme, where the pump light is back-reflected after the first pump pass, is similar. Both the
light passing the crystal in the forward direction as well as the back-reflected light contribute to
the heat generation. Thus, in analogy to Equation (4.3), the absorbed power per unit length is
described by

Pa(2) = a(2) Py |:eXp (_ /O Za(z’)dz’) + exp(—2apLo) exp ( /O za(z/)dz'ﬂ @8

where the total absorption is assumed to be the same as that of the reference crystal after a
double-pass of the pump light. From Py (2) = Pyp(0), the differential equation for the optimal
absorption coefficient augp(2) is derived:

dagp(z) 3 Ly sinh(agLo)\” B .
dz () sinh(agLo) agp(2) Lo L with “9)
agp(0) = % (4.10)

This differential equation is solved analytically in Mathematica. Under the consideration that
the absorption coefficient needs to be positive and monotonously increasing, the only physically
meaningful solution is [100]

- —1
Lo

B pE— 4.11
sinh? (aoLo) ¢-11)

agp(z) = \/(LO —2)2 4
Figure 4.2 shows a comparison of the absorption coefficient of a homogeneously doped reference
crystal (0.5 % doping concentration, 28 mm length) (black) and the corresponding optimal

absorption coefficients in a single- (red) and double-pass (blue) configuration in comparison.

From the absorption coefficient, the absorbed power per unit length is calculated by Equa-
tion (4.3) and (4.8) for the single-pass Py sp(2) and the double-pass case Pypidp(2). The
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Figure 4.2: Optimal absorption coefficients for a laser crystal in a single- (red) and double-pass (blue) configuration.
The absorption coefficient of the reference crystal is indicated in black.
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Figure 4.3: (a) Absorbed power per unit length and (b) total absorbed power in the forward and the backward direction
in a crystal with optimal absorption coefficient (single-pass (red) and double-pass (blue)) in comparison
to a crystal with homogeneous absorption coefficient (black). fw/bw refers to the forward and backward
direction, respectively.

total absorbed power up to the position z in the crystal is calculated by integrating these
equations along the crystal axis. The absorbed power per unit length and the total absorption
are compared for the three cases in Figure 4.3(a) and Figure 4.3(b), respectively. In the case
of the homogeneously doped crystal and the optimal double-pass case, the contributions to the
total absorbed power are shown for the forward and the backward pass of the light. As designed,

the optimal absorption coefficients generate a constant absorbed power per unit length. Because
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in the double-pass case a greater amount of light is absorbed as compared to the single-pass
case, the absorbed power per unit length is larger. The total absorption along the crystal axis
increases linearly. In the single-pass case, 90 % of the light is absorbed, whereas this amounts
t0 99 % in the case of the double-pass.

One drawback behind this theoretical approach is the difficulty in growing a crystal with a
specific longitudinal absorption coefficient [100, 111, 118]. However, the optimal absorption
coefficient can be approached by diffusion-bonding several crystal segments with different
lengths and absorption coefficients. The following section describes the absorption in the
resulting segmented crystal mathematically.

Absorption in a Segmented Laser Crystal

A scheme of a homogeneously doped and a segmented crystal is depicted in Figure 4.4(a)
and Figure 4.4(b), respectively. The homogeneously doped crystal has a constant longitudinal
absorption coefficient oy and length g, whereas the segmented crystal is characterized by
N segments with absorption coefficients «; and lengths L; (: = 1,..., N). In analogy to
Equation (4.8), the absorbed power per unit length can be considered in each segment in the
forward and in the backward direction. In segmentn (L1 + ...+ L1 < 2 < L1+ ...+ Ly), it
holds for the forward and backward direction, respectively, that [100]

n—1 n—1
Pieg iw(2) = an Py exp (— Z aiLi> exp l—an (z — Z Ll>] and (4.12)
i=1 i=1
N n—1 n—1
Pieopw(2) = an Py exp (22 aiLi> exp <Z aiLi> exp lan (2 - Z Ll>] . (4.13)
i=1 i=1 i=1

The single-pass case is directly described by Equation (4.12), whereas the total absorbed power
per unit length in segment n in the double-pass case is described by

Pseg,dp(z) = Pseg,fw (Z) + Pseg,bw (Z) (4.14)
N n—1

= ap, Py cosh [Z o; L — o, (z — Z Li>
i=n i=1

To ensure the comparability between the segmented crystal and the homogeneously doped refer-

. (4.15)

ence crystal, two boundary conditions are imposed. Firstly, the length of both crystals is set equal.
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Figure 4.4: Scheme of (a) homogeneously doped crystal with constant absorption coefficient g and length Ly and
(b) segmented crystal consisting of N segments with constant absorption coefficients «; and lengths L;.

Secondly, the absorption times length product must be equivalent, which leads to the same ab-

sorption after passing the entire crystal. These two conditions are mathematically formulated as

N

Lo = Z L; and (4.16)
=1
N

aoLo =Y a;L;. 4.17)
=1

To generate a uniform heat distribution in the crystal, the absorbed power per unit length must
be as homogeneous as possible, which is achieved by optimizing the segment lengths L; and the
absorption coefficients a;. The following section describes different approaches for numerically

optimizing the crystal segments.

Numerical Optimization of the Segmented Crystal

Overall, the optimization problem has 2N parameters and 2 boundary conditions, resulting in
2(N — 1) degrees of freedom. Wilhelm et al. have described different optimization strategies,
including approaching the optimal absorption coefficient by that of the segmented crystal,
minimizing the variance of the resulting temperature distribution, and minimizing the peak
temperatures of the distribution [100]. In all these approaches, the axial heat transport was
neglected. Jiang et al. took this into consideration and optimized a segmented crystal based on
minimizing the maximum tensile stress in the crystal [111]. The approach used in this thesis
slightly differs from those presented by Wilhelm et al. It minimizes the difference between the
absorbed power per unit length of the segmented crystal Pyg(2) and the optimally doped crystal
Popi(2) = Py = const.. Mathematically, this is described by minimizing the function

L
filaq,..,an, Ly, ..., Ly) = / (Pieg(2) — Popt)?dz . (4.18)
0
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In principle, this optimization could be performed for single-pass and double-pass pumping.
However, for this work, only the case of double-pass pumping is optimized due to the resulting
increased absorption efficiency. The optimization is implemented numerically. In addition,
several constraints are imposed on the optimization. Firstly, the number of segments is fixed
to N = 4 because only a small improvement was shown with each additional segment [126].
As the difficulty in the fabrication process also increases with each segment, a minimum
number of segments should be aimed for from this point of view. Secondly, increasing doping
concentrations over the length of the crystal are assumed as a logical consequence of the
optimal doping concentration derived in the prior section. Thirdly, for three of the segments,
already grown crystals should be used, which limits the available doping concentrations for
these segments to 0.35 %, 0.7 %, 0.75 %, 0.9 %, and 1.1 %. In addition, the highest doping
concentration is limited to 1.1 % to mitigate upconversion losses [47]. For the fourth segment,

the position in the segmented crystal and the doping concentration could be chosen freely.
To evaluate the resulting segmented crystals, different criteria are considered:
1. Difference between the absorbed power per unit length of the segmented P, (z) and the

optimally doped crystal P, described by

L
filay,...,an, Ly, ..., Ly) = / (Pieg(2) — Popt)?dz . (4.19)
0

2. Increase of total absorption along the segmented crystal compared to the optimum crystal
described by

2

L z z
fala1,..,an, L1, ... Ly) = / </ Pieo(2")d2" — / Poptdz’> dz. (4.20)
0 0 0
3. Maximum absorbed power per unit length described by
falat,...,an, L1,...,Ly) = max(Psy(2)) . 4.21)
These criteria should be minimized at the same time. The optimal crystal with a gradual
doping concentration, the homogeneously doped crystal, and an optimized segmented crystal

with four segments, which has been optimized without any restrictions regarding the doping

concentrations, serve as a reference. The segment characteristics of the latter crystal are
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given in Table 4.1. In addition to the numerical values of fi, f2, and f3, the table shows
the product of these three figures of merit normalized to this segmented crystal. Also, the
reduction of the maximum crystal temperature ATy« with respect to the homogeneously
doped crystal is given in Table 4.1. A peak temperature reduction of 46.3 % is achieved
with the optimal crystal, whereas this amounts to 37.2 % in the freely optimized segmented
crystal. Figure 4.5(a) shows the absorbed power per unit length of this crystal (blue) in

Table 4.1: Comparison of design and figures of merit for the reference crystals (optimum crystal with gradual doping
concentration, homogeneously doped crystal, and segmented crystal optimized without constraints on the
doping concentrations of the segments).

Crystal f1 fa fs fi-for-fz Alnxin%

Optimum
L =28 mm 0 0 34.6 0 46.3
Gradual doping

Homogeneous
L =28 mm 4259 308.6 64.5 11145.7 0

D=0.7%

Optimized segmented
L=(79,6.6,5.7,7.8) mm 21.3 09 405 1.0 37.2

D =(0.43, 0.58, 0.77, 1.03) %

a b
= —— Gradual o —— Gradual
o ———— Homogeneous o & ———— Homogeneous
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Figure 4.5: Absorbed power per unit length for the (a) segmented crystal optimized without constraints on the doping
concentration (blue) and the (b) segmented crystal no. 3 optimized with three fixed doping concentra-
tions (green). For comparison, the absorbed power per unit length is also shown for the gradually doped
crystal (black) and the homogeneously doped crystal (red).
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the forward (dashed), backward (dotted), and both (solid) directions in comparison with the
optimum crystal (black) and the homogeneously doped crystal (red).

Based on the doping concentrations of the freely optimized segmented crystal, the doping
concentration of the fourth segment is fixed to 1.1 %. Furthermore, the doping concentrations
0.7 % and 0.75 % are not used in a crystal at the same time due to the small difference in doping
concentration. Under these constraints, five promising candidates for segmented crystals are
given in Table 4.2. For crystal no. 1 and no. 2, the doping concentration of the first segment was
unconstrained, and for the crystals no. 3, no. 4, and no. 5 the second segment was unconstrained.
All candidates show a reduction of the peak temperature between 30 % and 34 % with respect to
the homogeneously doped crystal. Because the segmented crystal no. 3 has the lowest figure of
merit f; - f2 - f3, this crystal has been chosen for fabrication. Figure 4.5(b) shows the absorbed
power per unit length for this crystal (green) in the forward (dashed), backward (dotted),
and in both (solid) directions in comparison with the gradually doped crystal (black) and the
homogeneously doped crystal (red). The absorption behavior is similar as with the freely

optimized segmented crystal.

Table 4.2: Comparison of design and figures of merit for the numerically optimized segmented crystals with three fixed
doping concentrations. The best figure of merit is achieved with crystal no. 3.

Crystal fi fo fs  fi-fo-fs ATnxin%
Segmented no. 1
L=(113,72,49,46)mm 329 1.5 427 2.8 33.8

D =(0.49,0.7,09, 1.1) %

Segmented no. 2
L=(124,65,47,44) mm 40.5 22 438 5.1 32.1
D =(0.46,0.75,0.9, 1.1) %

Segmented no. 3
L=(26,9.0,90,74)mm 41.0 1.1 435 2.7 32.6
D= (0.35,0.47,0.7, 1.1) %

Segmented no. 4
L=(4.7,8.5,7.57.3) mm 415 41 433 9.6 32.8
D =(0.35,0.5,0.75, 1.1) %

Segmented no. 5
L=(53,10.7,69,51)mm 52.5 2.8 450 8.6 30.3
D =(0.35,0.55,0.9,1.1) %
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Figure 4.6: (a) Doping concentration and (b) total absorbed power along the crystal axis for the optimum (black),
the homogeneously doped (red), the optimized segmented (blue), and the segmented crystal no. 3 (green)
in comparison.

Figure 4.6(a) shows the doping concentration along the crystal axis for the gradually
doped (black), the homogeneously doped (red), the freely optimized segmented (blue) and the
segmented crystal no. 3 (green) in comparison. Both segmented crystals approach the gradual
doping concentration equally well. Also, the total absorption along the crystal axis is similar
for these two segmented crystals and both approach the linear increase of the optimum crystal
well (see Figure 4.6(b)). Therefore, the imposed constraints on the doping concentration are

considered to be acceptable.

The segmented crystal no. 3 was fabricated externally by diffusion-bonding the individual
segments. For a successful bonding, a precise polishing of the segment end faces is required.
After polishing, the two segments are optically contacted and thermally activated to recombine

the dangling bonds of the segment end faces. [99]

4.2.2 Experimental Characterization of the
Segmented Crystal

Prior to testing the fabricated segmented crystals in laser operation, it is characterized ex-
perimentally with different techniques. Firstly, it is optically inspected with visible light.
Secondly, the absorption efficiency and the doping concentrations of the crystal segments

are determined.
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Inspection with Visible Light

To get an impression of the longitudinal absorption, both the homogeneously doped and the
segmented crystal are illuminated with light from a helium-neon laser at 543 nm and an image
is taken from the side. Because the incident light is absorbed by the doping ions, they also
emit fluorescence. Consequently, a higher amount of fluorescence is expected near the front
facet of the crystal in the homogeneously doped crystal due to the higher absorption according
to the Beer-Lambert law. In contrast to this, a smoothed fluorescence is expected in the
segmented crystal. By reversing the segmented crystal, an even higher fluorescence is expected
near the front of the crystal. The images taken with a commercial CCD camera are shown
in Figure 4.7. The crystals were illuminated with the helium-neon laser from the left side.
The absorbing and thus fluorescing volume of the crystal can clearly be identified. Near the
front facet of the homogeneously doped and the segmented crystal, a non-absorbing region
is present, which results from the undoped end cap attached to both crystals. The images are
analyzed quantitatively by initially converting it to grey scale values, which corresponds to
the intensity of the fluorescence, and then by adding up all pixels in the radial direction. The
fluorescence intensity depending on the longitudinal crystal position is shown in Figure 4.8(a).
In the homogeneously doped crystal (black), a roughly exponential absorption of the pump light
is observed. In the segmented crystal with the low doped segment oriented towards the light
source (red), the fluorescence along the crystal axis is almost constant. The peak in fluorescence
at a position of 0.75 results from scattering at the bonding surface. The segment boundaries

can clearly be identified at the positions where the fluorescence shows sharp peaks. With the

Figure 4.7: Images taken from the (a) homogeneously doped crystal, (b) segmented crystal oriented with the low
doping concentration towards the light source, and (c) segmented crystal oriented with the high doping
concentration towards the light source. The light from the helium-neon laser is incident from the left.
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Figure 4.8: (a) Intensity of the 543 nm fluorescence depending on the longitudinal crystal position for the (a) homoge-
neously doped (black), segmented (red), and inverted segmented crystal (blue). The black arrow indicates
the direction of illumination. (b) Fluorescence intensity of segmented (red) and inverted segmented (blue)
crystal with opposite illumination directions (indicated by the red and blue arrow). From the measurement,
the bonding interfaces can clearly be identified.

segmented crystal mounted in the reverse direction, the crystal segments can even be more
clearly recognized. In comparison with the homogeneously doped crystal, the absorption in the
first segment is even stronger. Figure 4.8(b) shows the same data as Figure 4.8(a), however only
for the segmented crystal with reversed pumping directions. Therefore, the crystal orientation is

the same, which allows to clearly identify the bonding interfaces.

With this simple approach, the proper fabrication of the segmented crystal is verified. Further-
more, the doping concentration of the crystals is measured by scanning them with a Tm?*+-doped

fiber laser.

Measurement of Absorption Efficiency and Doping Concentration

For the measurement of the absorption efficiency and the longitudinal doping concentration
of the homogeneously doped and the segmented crystal, both crystals are illuminated with a
Tm3*-doped fiber laser emitting at 1908 nm. The detailed setup is illustrated in Figure 4.9. To
monitor the input power, the 1908 nm light is attenuated with a half-wave plate (\/2) and a thin-
film polarizer (TFP) and the s-polarized power reflected from the TFP is measured at the power
meter P;. The crystal is placed in the transmitting arm of the TFP and the transmitted power P,

behind the crystal is measured. The transmitted power depending on the input power is shown
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Figure 4.9: Setup for measuring the (a) absorption efficiency and (b) longitudinal doping concentration.
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Figure 4.10: Measurement of (a) transmitted power depending on the input power and (b) doping concentration along
the crystal axis of the homogeneously doped (black) and segmented (red) crystal.

in Figure 4.10(a). For high incident powers, the transmitted power increases overproportionally.
This results from a saturation of the absorption. To measure the doping concentration, the crystal
is illuminated perpendicular to its crystal axis. In [114], the different path lengths when passing
the circular cross-section of the rod, which result from the expanded laser beam, were shown
to be negligible. Because of the cylindrical crystal shape, losses resulting from the Fresnel
reflection at the curved surface are considered by a calibration of the measurement at the undoped
end caps of the crystals. Therefore, the transmitted power P behind the crystal is given by

2,E

P
Py=Pi -5

1,FE

s

exp(—ad), (4.22)
where P g and P, g is the incident and transmitted power behind the undoped end cap and
d is the diameter of the crystal. The doping concentrations along the crystal axis for both
crystals are shown in Figure 4.10(b). In the case of the segmented crystal, the lower doping

concentration with respect to the homogeneously doped crystal at the front facet and the higher
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4.2 Resonator with a Segmented Laser Crystal

doping concentration at the end facet was confirmed. Also, the individual crystal segments can
clearly be identified. Both the measured doping concentrations and the segment lengths are in

accordance with the design of the segmented crystal.

Both crystals are then used in a compact resonator and their performance in laser operation

is compared.

4.2.3 Cavity Design and Optimization

To compare the performance of both crystals in laser operation, a compact cavity delivering a
good beam quality and high output power is designed. The design has been presented in detail
in [127] and is based on the cavity design presented in Section 3.2.2. A schematic overview over
the architecture is shown in Figure 4.11. In comparison to the setup presented in Section 3.2.2,
it mainly differs in the HR mirror, which is convex in this setup. Furthermore, the cavity length
is decreased to 9.8 cm. The radius of curvature of the HR mirror is optimized to get a high
beam quality and a maximized output power. In addition, the pump diameter is adapted using
an adjustable telescope to guarantee an optimal mode matching. Two goals are pursued with the
optimization. Firstly, the output power of this compact single-end-pumped resonator is to be
maximized. Secondly, differences between the homogeneously doped and the segmented crystal

regarding the maximal achievable output shall be investigated.

The optimization procedure is as follows: For a fixed mirror configuration, the pump power is
increased until the beam profile begins to deteriorate. At that point, the laser mode approaches
the limit of the resonator stability zone and is larger than the pump mode. By increasing the
pump beam diameter, a nearly diffraction-limited beam profile is restored. This is repeated until

pulse instabilities are observed. At this point, the laser mode size varies strongly over the length

Tm? -doped (\ Y
fiber laser U i

L, L,
HR E OC

D—{Ho“ ‘ ;YAG|74|AOMH—>
IC

Figure 4.11: Schematic of the laser resonator used to investigate the homogeneously doped and the segmented crystals.
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of the crystal such that mode matching cannot be achieved. Consequently, the maximum output
power of this compact resonator is reached. This experiment is repeated for HR mirrors with

radii of curvature R, of =0.5 m, —0.4 m, —0.3 m and —0.25 m.

For a stronger radius of curvature, a higher output power is achieved. This results from the
partial compensation of the thermal lens by the convex HR mirror [27]. Hence, a stronger
curvature leads to a compensation of the thermal lens at higher powers, thus the pump power at
which the resonator stability limit is reached increases. From this optimization, the optimum
HR mirror with R, = —0.25 m is determined, which generates the maximum pulse energy with
the minimum pulse duration. This holds true for both crystals and a characterization of this

configuration is presented for both crystals in the following section.

4.2.4 Experimental Characterization of the Cavity

Figure 4.12(a) shows the Ho?T:YAG output power depending on the pump power for the ho-
mogeneously doped (black) and the segmented crystal (red). Both resonators exhibit high slope
efficiencies of around 67 % and small pump thresholds of 3.7 W (homogeneously doped crystal)
and 5.1 W (segmented crystal). The lower pump threshold in the case of the homogeneously
doped crystal is assumed to result from the slightly lower pump beam diameter, which was set
to achieve an optimal mode matching at the working point. In addition, potential upconversion
in the highly doped segment of the segmented crystal might be a loss mechanism that increases
the pump threshold. The maximum output powers, which are achieved with the two crystals, are
57.7W (segmented crystal) and 62.4 W (homogeneously doped crystal). A detailed discussion
and explanation of this observation will be given in Section 4.2.7. The beam propagation factor
M? is also measured depending on the pump power. The according curves are included in
Figure 4.12(a) for the vertical beam axis. In both resonators, the beam propagation factor is
near-diffraction-limited for low pump powers and then deteriorates up to a pump power of
approximately 60 W. When further increasing the pump power, an improvement in the beam
propagation factor is observed. The cause for this lies in varying mode sizes of the pump
and the resonator mode and the resulting mode (mis)match. A near-diffraction-limited beam
propagation factor is reached for the homogeneously doped crystal for a pump power of 89 W,
whereas for the segmented crystal a near diffraction-limited beam propagation factor is already
achieved for a pump power of 82 W. Similar to the power curves, a shift to higher pump powers

is observed for the homogeneously doped crystal as well. A more detailed analysis for the
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Figure 4.12: (a) Output power and beam propagation factor of the resonators with the homogeneously doped (black)
and the segmented crystal (red) in comparison. (b) Spectral output of the homogeneously doped (black)
and the segmented crystal (red).

course of the beam propagation factor will also be presented in Section 4.2.7. The emission
wavelength for both resonators is shown in Figure 4.12(b). Both show a linewidth of 0.7 nm
and a center wavelength of 2090.8 nm. Besides that, no additional peaks in the spectrum of the
segmented crystal indicate parasitic interferences inside the resonator, thus the high quality of

the bonding interfaces can be concluded.

Figure 4.13(a) shows the residual pump power and Figure 4.13(b) shows the depolarized power
resulting from the thermally induced birefringence in the crystal. The increased residual pump
light in the case of the segmented crystal might result from two contributions: Firstly, the
segmented crystal contains one low doped segment in which the absorption is likely to saturate.
Secondly, the increased absorption in the case of the homogeneously doped crystal might result
from an improved mode matching, as in this case excited states are efficiently de-excited and
therefore available to absorb photons again. The depolarized power is slightly smaller for the
segmented crystal. This probably results from the more steady temperature distribution and the
resulting smaller thermal stresses. However, this only holds true up to a pump power of 87 W

because the resonator was optimized for a pump power of 82 W.

Due to a stable operation during Q-switching at 89 W (homogeneously doped crystal) and
82 W (segmented crystal), measurements of the beam propagation factor are shown exemplarily
in these working points in Figure 4.14(a) and Figure 4.14 (b). An output power of 57.6 W

and 51.9 W, respectively, was measured. In comparison with the basic resonator presented
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Figure 4.13: (a) Residual and (b) depolarized power depending on the pump power for the homogeneously doped (black)
and the segmented crystal (red) in comparison.
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Figure 4.14: Beam propagation factor measurements for (a) the homogeneously doped and (b) the segmented crystal at
pump powers of 89 W and 82 W, respectively.

in Section 3.2.2, which delivered an output power of 45 W, this corresponds to an increase in
output power of 28 %. In both cases, the beam propagation factor is around 1.1 in both beam
axes. Additionally, the beam diameters evolve equivalently along the beam caustic for both
crystals, which indicates that the mode evolves similarly inside the resonator. The disadvantage
of this high-power resonator is that it results in an astigmatic beam as can clearly be seen from

both beam caustics.

In Q-switched operation, pulses with a maximum energy of 1.14 mJ and a minimum pulse

duration of 40 ns are generated for the homogeneously doped crystal at a repetition rate of
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Figure 4.15: (a) Pulse energy (black) and pulse duration (red) depending on the pump energy for the homogeneously
doped (filled symbols) and the segmented crystal (open symbols) in comparison. (b) Power stability
measurement over 30 min for the homogeneously doped (black) and the segmented (red) crystal at the
working points.

50kHz (see Figure 4.15(a)). The slope efficiency is similar as in CW operation. As has been
expected from CW operation, a slightly lower maximum pulse energy (1.04 mJ) and a longer
minimum pulse duration (50 ns) is measured for the segmented crystal. The lower energy results
from the lower output power at the working point. The cause for the longer pulse duration is
believed to be the larger pump beam diameter that is needed to achieve mode matched operation
and results in a slightly lower inversion. A theoretical explanation for this observation will be
given in Section 4.2.7. Figure 4.15(b) shows a measurement of the average output power over
a time of 30 min for the resonators with both crystals at their respective working points. In both

cases, a stable operation is achieved and the standard deviation is only 0.1 W.

To summarize, both in CW as well as in Q-switched operation, the homogeneously doped
crystal and the segmented crystal show a similar behavior, although a slightly higher output
power, higher pulse energies, and shorter pulse durations are achieved with the homogeneously

doped crystal.

To rule out the possibility that the poorer performance of the segmented crystal is due to losses at
the bonding surfaces, the resonator losses are determined by performing a Caird analysis in both

cases [128]. In a Caird analysis, the slope efficiency of a resonator is determined for different
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OC mirror transmissions Tpc to deduce the resonator losses by the following calculation: From

the theoretical slope efficiency [38]

o /\p —ln(l —Toc)

s = )\75 2 Tabs » (4.23)

a linear relation between the inverse slope efficiency with respect to the absorbed pump power
nsfa,ljs and (—In (1 — Toc)) ™" can be derived:
1 1

_ 1 A
= — (—In(1—=A))(=In(1 —Toc)) '+ — with 70 = Lhmote. (424
T)s,abs 75,0 75,0 )\s

TImode 1NCludes the impact of the specific cavity design on the efficiency. Figure 4.16 shows
the output power depending on the pump power for different OC mirror transmissions for the
resonator with the segmented crystal. By determining the slope efficiency depending on Toc
and using Equation (4.24), the Caird plots, shown in Figure 4.17(a) for the homogeneously
doped crystal and in Figure 4.17(b) for the segmented crystal, are generated. The resonator
losses A and the intrinsic slope efficiency 7o can be determined by performing a linear fit to
the Caird plots. The resonator losses are around 2 % for both the homogeneously doped and
the segmented crystal. The intrinsic slope efficiency is 1 % higher in the resonator with the

homogeneously doped crystal and amounts to 70.8 %. These similar results for both crystals
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Figure 4.16: Ho3*:YAG output power of the resonator with the segmented crystal with respect to the absorbed
pump power for different OC mirror transmissions. The slope efficiency is exemplarily given for
Toc = 70 % (black) and Toc = 2 % (orange).
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Figure 4.17: Caird analyses of the resonators with the (a) homogeneously doped and (b) segmented crystal.

indicate that the segmented crystal does not introduce considerable losses to argue that the
approximately 10 % lower output power could be attributed to these.

To get a deeper understanding of the differences between the two crystals, an interferometer
is set up to determine the radial temperature profiles in the crystals, which contribute to
thermal lensing.

4.2.5 Investigation of Thermal Lensing in Laser Operation
Experimental Setup of Interferometer

The interferometer setup is depicted in Figure 4.18. Light from a helium-neon laser with a
wavelength of Agn = 633 nm is polarized and shaped with a two-lens telescope such that a
focus is created in the distance of the focal length of the resonator HR mirror. This ensures
roughly planar wave fronts directly behind the HR mirror. Furthermore, the waist size and the
resulting beam divergence are aligned such that a beam diameter of approximately 5 mm is
generated at the resonator HR mirror to illuminate the entire crystal cross-section. In front of
the HR mirror, a polarizing beam splitter (PBS) and a quarter-wave plate (\/4) under 45° are
inserted such that the light is circularly polarized. The laser crystal directly behind the HR mirror
is not anti-reflective (AR) coated for Agn. Consequently, the incident light is partially reflected

from the first surface of the crystal, generating the reference wave. The transmitted wave passes
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Figure 4.18: Interferometer setup for thermal lens investigation.

through the crystal and is partially reflected at the second surface of the crystal, generating the
test wave. Both waves then pass the quarter-wave plate again resulting in a polarization state
perpendicular to the initial polarization state. Both beams are therefore reflected at the PBS.
Spatial filtering with an aperture inserted in the distance of the focal length of the HR mirror
ensures the separation of undesired reflections from the HR mirror and the desired reflections
from the Ho?>*:YAG crystal. A plano-convex lens with a focal length of f = 30 cm images the
crystal onto a CCD camera.

The interference pattern is generated due to an optical path difference (OPD) between the
reference and the test wave. Because the test wave passes the laser crystal twice, the OPD

is given by
OPD(r) =2n(r)L. (4.25)

Here, n(r) is the refractive index of the laser crystal, which varies radially due to the pump
light absorption, and L is the length of the crystal. With this approach, the radial profile of
the refractive index averaged over the length of the crystal can be investigated. As explained
in Chapter 2, both the change in refractive index due to the thermo-optic effect as well as
the change in refractive index due to the photoelastic effect contribute to n(r). Because a
significant contribution to the refractive index variation in YAG results from the thermo-optic
effect [53], it is assumed to be the only contribution to the formation of the interference pattern
and is used to estimate the radial temperature distribution. A further effect that is imaged in
the interference patterns is the bulging of the end faces. However, this effect is assumed to be
small as well and is therefore neglected in the evaluation of the interference patterns. Overall,
the main goal is to estimate the order of magnitude of the temperature and to compare the
segmented crystal with the homogeneously doped crystal, which is possible by the described
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4.2 Resonator with a Segmented Laser Crystal

assumptions. The OPD between two interference fringes equals the illumination wavelength
Aun- Consequently, from Equation (4.25), the refractive index difference An between two

interference fringes

A _ AHN

= (4.26)

is concluded. The temperature difference AT between two interference fringes is calculated
from An by using the thermo-optic coefficient dn/dT = 9.9 - 1074 K~! of YAG [55] and

is given by

An

Tk 1K. 4.27)

Evaluation of Interferometer Images

Figure 4.19 shows interferograms recorded for increasing pump powers (from left to right) and
for the homogeneously doped (top row) and the segmented (bottom row) crystal. Because an
increasing pump power increases the heat generation in the crystals, the number of interference
fringes increases as well. Both the homogeneously doped and the segmented crystal show
a similar number of interference fringes indicating a similar temperature inside the crystal.
Temperature profiles with respect to the edges of the crystals are extracted in the z- and y-

direction from the interferograms by locating the positions of the interference maxima and

-2 0
X in mm X in mm X in mm X in mm X in mm X in mm
Figure 4.19: Interferograms for homogeneously doped (top row) and segmented (bottom row) crystal for increasing

pump powers. With an increasing pump power, the distance of the interference fringes decreases and more
fringes become visible which indicates a stronger thermal lensing.
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minima. The data is used to fit the radial temperature distribution for Gaussian end-pumped

crystals derived by Innocenzi [50]

b? 272

A is a measure for the peak temperature, b is the distance of the peak of the distribution
to the edge of the crystal, and w;, is the pump radius. Because the interferograms are non-
centrosymmetric, the function has been adapted to take this into account. Figure 4.20 exemplar-
ily shows the resulting temperature distributions for the homogeneously doped (top row) and the
segmented (bottom row) crystal for the z- (left) and y-direction (right) and for a pump power of
21 W (see Figure 4.20(a)) and 89 W (see Figure 4.20(b)). In the working points, the maximum
temperature difference with respect to the edge of the crystal is 12.7 K for the homogeneously
doped and 13.5 K for the segmented crystals. At the lower pump power of 21 W, this tempera-
ture difference is considerably lower and amounts to 3.5 K in the case of the homogeneously

doped crystal and 4.6 K in the case of the segmented crystal.
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Figure 4.20: Temperature profiles with respect to the crystal edge temperature in the z- (left) and the y-direction (right)
extracted from the interferograms at a pump power of (a) 21 W and (b) 89 W and 82 W for the homoge-
neously doped (top row) and segmented crystal (bottom row), respectively.
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From the temperature profiles, the focal length of the thermal lens can be estimated. Two
considerations are taken into account here. Firstly, the OPD of a thin spherical lens with focal
length f is given by [104]

T2

P = 0PDy — —. .
OPDjens = OPDy 57 (4.29)

Secondly, the temperature distribution in Equation (4.28) can be approximated to

2h2
F + hl <2>
“p

for r < wy. Here, I' = 0.577 is Euler’s constant. By comparing the OPD resulting from this
temperature difference with the OPD of a thin spherical lens, the focal length fi}, of the thermal

T(r)~ A i (4.30)

lens can be determined:

w2

—_ p
Jon = A qnjar - @30

Figure 4.21(a) and Figure 4.21(b) show the derived focal lengths for the homogeneously doped
and the segmented crystal, respectively. Both focal lengths are in a similar range. For the fits, a
decrease in the pump beam radius with increasing pump power was taken into account. The

thermal focal length is on the order of 5-15 cm, which is in line with the measurements presented
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Figure 4.21: Focal lengths of the thermal lens derived from the fits according to Innocenzi of the temperature profiles
for the (a) homogeneously doped and (b) segmented crystal.
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in Section 3.1.4. In comparison to the prior measurement, the shorter focal lengths at high pump
powers result from the smaller pump diameter used in this measurement. Considering the rough
approximation that only the thermo-optic effect contributed to the formation of refractive index
distribution, these results have given a good insight into the radial temperature profile in the

crystals and the longitudinally averaged temperature in the crystal.

To get an understanding of the longitudinal temperature distribution, a simulation is used and

the results are presented in the following section.

4.2.6 Longitudinal Temperature Profiles

The simulation is based on a split-step beam propagation method and was presented by
Rupp et al. in 2022 [129]. In this simulation, an electromagnetic field is propagated and
transformed by the laser crystal and other optical elements in the cavity. In the laser crystal, a
temperature distribution develops due to the absorption and gain dynamics. The temperature
distribution is calculated numerically by a 3-dimensional finite difference method, therefore

thermal lensing effects are taken into account in this model.

Figure 4.22 shows a comparison of the simulated and experimental power curves for the

homogeneously doped crystal. With 72 %, the slope efficiency of the simulated power curve
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Figure 4.22: Comparison of Ho3*:YAG output power of the experiment and the simulation for the homogeneously
doped crystal.

100



4.2 Resonator with a Segmented Laser Crystal

b
@ ®
—=— Simulation —s— Simulation
—~ =— Experiment =— Experiment
£20 P ] 7 20| P ]
o A 1
= / 9]
S /\ g N> -t
& 18 SN [T B /A Vo
- \\'\.,-\ / \ .\ _m_
p // \\ L] of /./ L] ]
1.0 P . s 1.0 il ) s
20 40 60 80 100 0 20 40 60 80 100

Pump power in W

Pump power in W

Figure 4.23: Comparison of (a) horizontal and (b) vertical beam propagation factors in the simulation (black) and the
experiment (red).

is slightly higher than that of the experimentally measured power curve. Also, a slightly
higher maximum output power of 67 W is simulated. Deviations in this comparison can result
from discrepancies in the simulation input parameters, which are hard to predict perfectly.
Figure 4.23(a) and Figure 4.23(b) show the beam propagation factors parallel and perpendicular
to the optical table, respectively, which are similar in the simulation and the experiment. In
the horizontal direction, the beam propagation factor deteriorates up to a pump power of 60 W
followed by an improvement of the beam propagation factor in both cases. In the vertical
direction of the simulation, the beam propagation factor deteriorates up to a slightly higher
power compared to the experiment. However, for pump powers around 90 W, both beam
propagation factors improve. Because the simulation has emulated the basic behavior of the
experimental observations, the simulated temperature in the crystal should also provide insight

about the temperature in the crystal in the experiment.

Figure 4.24 shows the simulated longitudinal on-axis temperature distribution for three crystals.
This includes the homogeneously doped crystal (black), the segmented crystal as used in the
experiment (red), and an optimized segmented crystal (blue). The pump light is incident onto the
crystals from the left side. For the homogeneously doped crystal, the highest peak temperature
and largest temperature gradient are observed, which is in accordance with the expectations. The
strong increase in the temperature near the crystal front facet results from an effective axial heat
transport into the undoped YAG end cap. The segmented crystal shows a smaller temperature
gradient and also a smaller peak temperature. In contrast to the homogeneously doped crystal,

the highest temperature is not reached at the front but rather at the end of the crystal. The center
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Figure 4.24: Simulated longitudinal temperature distribution in a homogeneously doped (black), segmented (red), and
optimized segmented (blue) crystal. The pump light direction is indicated by the arrow. The dashed lines
indicate the effective position of the thermal lens when it is approximated as a thin lens.

of the temperature distribution is a measure of the effective position of the thermal lens, the
impact of which is discussed in the following section. Due to the temperature peak at the front of
the crystal in the homogeneously doped crystal, the effective position of the thermal lens is close
to the front of the crystal, whereas it tends to be at the end of the segmented crystal. Additionally,
a crystal is optimized with the simulation such that a roughly constant on-axis temperature is
generated. This crystal has equally long segments with doping concentrations of 0.55 %, 0.65 %,
0.75 %, and 0.85 %. With this crystal, the thermal lens is effectively positioned in between
those of the homogeneously doped and the segmented crystal. Despite having the lowest peak
temperature, an improvement in output power or beam quality is not observed in the simulations
as well. The reason for this probably lies in the comparatively low peak temperature of a max-
imum of just over 40 °C. In contrast to this, the thermal fracture limit in YAG is approximately
200 W/cm [38], which is only approached for far higher pump powers and temperatures. In
previous results from segmented Nd>+-doped crystals, considerably higher pump powers were
used, resulting in a significantly higher maximum temperature in the crystals [106]. Additionally,
those lasers were not optimized for an operation with a good beam quality but for an operation
with the highest possible output power. As a consequence, a segmented crystal does not seem to

offer any advantages in a low power regime where a good beam quality can still be achieved.

In the following section, a closer look is taken at the resonator stability criteria to further explain

the outperformance of the homogeneously doped over the segmented crystal.
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4.2 Resonator with a Segmented Laser Crystal

4.2.7 Discussion

The superior performance of the homogeneously doped over the segmented crystal is explained
by considering the specific effective position of the thermal lens in the resonator in combination
with resonator stability criteria. A simple resonator with two plane cavity end mirrors with a
distance L including a thermal lens with focal length f, which is approximated by a thin lens, is
depicted in Figure 4.25. The distance between the thin lens and the HR mirror is denoted by d.
This resonator has two stability regions: w < f < dand f > L — d. For the pump powers
used in our experiments, an operation in the second stability region results. Therefore, when the
distance between the HR mirror and the thin lens decreases, a longer focal length is required to
remain within the stability region. As for YAG the focal length of the thermal lens decreases
with an increase of the pump power, only lower pump powers are allowed when the thermal
lens moves away from the center of the resonator. In the homogeneously doped crystal, a larger
portion of the pump light is absorbed at the front of the crystal compared to the segmented
crystal. Because both crystals are pumped from the center of the resonator, the effective position
of the thermal lens in the segmented crystal is closer to the HR mirror and consequently only
lower pump powers are allowed to remain in the stability region. Conversely, higher output
powers are achievable with the homogeneously doped crystal. Additionally, a smaller distance
from the HR relates to an increased intrinsic resonator mode diameter. This explains the larger
pump diameter, which is necessary for a mode matched operation of the segmented crystal, and

the resulting longer pulse duration.

To further verify this hypothesis, another resonator is set up in which the pump scheme is
reversed. Instead of pumping the crystals from the center of the resonator, they are pumped
through a plane HR mirror, which is highly transmissive for the pump wavelength and the

crystals are oriented with their end caps facing the pump beam (see Figure 4.26(a)). As a

HR ocC

P »
< >

L

Figure 4.25: Simple plane-plane resonator of length L with a thermal lens f located at a distance of d from the
HR mirror.
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Figure 4.26: (a) Schematic representation of a resonator with a reversed pumping scheme. (b) Ho3+:YAG output power
with respect to the pump power for the homogeneously doped (black) and the segmented (red) crystal in
the resonator with the reversed pumping scheme.

consequence, the thermal lens of the homogeneously doped crystal is effectively closer to the
HR mirror in this pumping scheme, and the thermal lens of the segmented crystal is effectively
closer to the center of the resonator. Therefore, the segmented crystal is expected to show a
superior performance. As a consequence of pumping through the HR mirror, only a single-pass
of the pump light is possible. This leads to a lower slope efficiency and a higher pump threshold,
but has no impact on the effect that is to be investigated. Other than this and the plane HR mirror,
the setup corresponds to the one presented in Section 4.2.4. Figure 4.26(b) shows the resulting
power curves for the homogeneously doped and the segmented crystal. Due to the single-pass
of the pump light, the slope efficiency is around 54 %. However, with the segmented crystal,
a higher output power and a higher slope efficiency are achieved due to the improved effective

position of the thermal lens inside the resonator, which confirms the expectation.

In addition to the different performance of the crystals, a strong pump power dependence of the
beam propagation factor M? was observed for both crystals in Section 4.2.4. To explain this,
the mode diameter w, in the crystal (black) depending on the pump power is calculated with the
simulation tool described in Section 3.1.3. For the simulation, a pump diameter of 550 um and
a heat efficiency factor of 12 % is assumed. Figure 4.27 shows the simulated mode diameter in
the crystal and the pump beam diameter depending on the pump power. In the experiments, the
pump beam diameter w, (red) decreased linearly with increasing pump power. However, this
is an undesired property of the commercial collimator of the Tm>*-doped fiber laser. A beam

propagation factor of M? = 1 is usually achieved when w, ~ w, holds. This is the case for
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Figure 4.27: Simulated mode diameter in the crystal (black) and experimentally determined pump beam diameter (red)
depending on the absorbed pump power. From the mode mismatch, a value for the beam propagation fac-
tor (blue) is estimated. The experimental data from Figure 4.12 is included for comparison (blue squares).

Pyps = 5W and Py =~ 86 W. The region for which w, < wy, holds, is labeled with region 1,
whereas in region 2 w. > wp holds. In both regions, a mode mismatch is present, which results
in a deterioration of the beam propagation factor. In region 1, the beam propagation factor can

be approximated as [130]

2

M? ~ (”P) . (4.32)
We

Under the assumption that the mode mismatch causes the deterioration of the beam propagation

in region 2 as well, it is estimated as

2
M? ~ (w) . (4.33)

Wp

This can be explained as follows: When the pump diameter is smaller than the laser mode
diameter in the crystal, the laser can only emit in the pumped region. This leads to a diffraction-
limited beam quality at low pump powers. At high pump powers, however, reabsorption of the
laser mode in the unpumped region leads to a deterioration of the beam quality. In region 1 where
the laser mode in the crystal is smaller than the pump mode, higher order modes can establish.
However, this only occurs when the gain is high enough, which is not considered in this depiction.
From the experimental data (blue squares), it can be concluded that the gain is not high enough
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to excite higher order modes for pump powers lower than 40 W because a diffraction-limited
beam quality was measured. This is why the beam quality is actually better than expected from
the theoretical consideration (blue curve) in this graph. For pump powers higher than 40 W,
an excitation of higher order modes occurs and the beam propagation factor derived from the

resonator mode size shows a good agreement with the experimentally measured values.

4.2.8 Summary

To summarize, a segmented crystal with four segments was designed and theoretically compared
to an optimally doped crystal with the aim to generate a more homogeneous longitudinal
temperature distribution in the laser crystal. In comparison with already existing literature, a
modified approach for the optimization of the crystal was presented. The fabricated segmented
crystal was investigated by an optical inspection and by different absorption measurements.
To investigate this crystal in laser operation and to compare it with a homogeneously doped
reference crystal, a compact cavity was designed and characterized. In the experiments, the
homogeneously doped crystal showed an approximately 10 % higher output power and 20 %
shorter pulses. Both laser crystals were operated stable over half an hour with a near-diffraction-
limited beam propagation factor of M? ~ 1.1. A Caird analysis showed similar resonator
losses around 2 % in both resonators. Thus, the poorer performance of the segmented crystal
could not be explained by losses at the multiple bonding interfaces. An interferometric thermal
lens investigation yielded a similar average crystal temperature and thermal focal length. A
simulation based on a split-step beam propagation method was in good agreement with the
experimental data and the simulated longitudinal temperature profile yielded a different effective
position of the thermal lens when it was approximated as a thin lens. This insight lead to the
hypothesis that the superior performance of the homogeneously doped crystal is explained by
a more centered effective position of the thermal lens in the resonator, resulting in a wider
resonator stability range, which in turn allows for higher output powers. By reversing the
direction of the pump light, a higher output power was measured with the segmented crystal
confirming this hypothesis. In comparison with existing literature that showed an improved
performance with a segmented crystal, the peak temperatures in the Ho>*:YAG crystals were
considerably lower, which is a further reason why an improvement with the segmented crystal

could not be observed.
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4.3 Amplifier Setup

In the following sections, a single-stage Ho®>*:YAG MOPA system is discussed. Section 4.3.1
presents a theoretical model to describe the amplifier characteristics. The design of the amplifier
stage is described in Section 4.3.2. The output characteristics of the MOPA system as well as
the comparison with the theoretical model are shown in Section 4.3.3. The section closes with a

short summary in Section 4.3.5.

4.3.1 Theoretical Considerations

To understand the amplification behavior, similar rate equations to those presented in Sec-
tion 2.2.2 are considered. In the following section, the notation from Section 2.2.2 is used.
When the amplifier crystal is pumped, an inversion is created. When a photon field consisting of
photons with a suitable wavelength passes the inverted medium, it is amplified provided that the
pump threshold is exceeded. The amplification of the photon field ® at the signal wavelength A
over the crystal length is depicted in Figure 4.28. When an infinitesimally thin element dz of the
crystal is passed, the change in the photon field is given by [54]

d® = @ (0es Ny — 04 N1) dz = Pydz, (4.34)
where 7 is the gain coefficient. The solution to this differential equation is given by
®(z) = P exp(y2) (4.35)

yielding an exponential increase in the photon field when passing the amplifier crystal. The rate
equations are in principal the same as in Equation (2.5) and (2.6). When the pump rate R is

o i iD4dd o,
> {— —
1
0 z z+dz L

Figure 4.28: Schematic representation of pumped amplifier crystal including the change in photon density ® over the
length of the crystal (based on [54]).
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expressed as R = @, (0,5 N1 — 0¢p N2 ), where @, is the photon density at the pump wavelength
Ap, a differential equation results for the inversion AN:

DAN !
50 =N (‘I)p (O’ap — O'ep) — P (065 — 0u5) — 7_)

1
— AN <<I>p (Oap + Oep) + P (0as + 0es) + T) . (4.36)
Therefore, under equilibrium conditions, the inversion is given by

((bp (Uap - Uep) - (Ues - Uas) -
((I)P (Oap + Oep) + P (0as + 0es) +

1
AN =N ;) 4.37)

)

With this, the gain coefficient can be expressed as

Yo
- 438
7= i % (4.38)
with g = N 22 (0T = Tusep) _ S (4.39)
Pp (gup +0ep) + =
1
and @, = 3,70 % , (4.40)

Oas + Ocs T (Cas + Oes)

where o and @, are the small-signal gain coefficient and the saturation photon density, respec-
tively [54]. The small-signal gain indicates which gain a small signal experiences when it passes
the amplifier crystal. In this case, the inversion is high enough to provide for enough states in
the upper laser level such that all incoming photons are amplified by stimulated emission. When
a larger photon density is incident on the laser crystal, the gain saturates due to the limited
amount of upper level states. The saturation photon density is a measure of the photon density
which decreases the gain coefficient to half the small-signal gain [54]. With P = %mﬁ@, the

saturation photon density can be converted to the saturation power

2 he -, ,2
Wi Ap Tap + Oep AT

P%ZP

, “4.41)
pwg As Oas + Ocs T (Uas + Ues)

where wp, and wy are the beam diameters of the pump and the signal beam, respectively. From
Equation (4.38) - (4.41), the following observations are made:

1. Firstly, when the amplifier crystal is unpumped (®, = 0), the small-signal gain coefficient
is 70 = —No,s. In this case, the signal is absorbed by the amplifier crystal. Therefore,
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from measuring the absorption of the signal light in an unpumped crystal, the experimental

and theoretical small-signal gain coefficient can be compared.

2. Secondly, in an unpumped amplifier crystal, the saturation photon density is

D0 = , which corresponds to the spectroscopic saturation flux density.

T (Uas + Ues)

3. Thirdly, in the limit of large pump photon densities, the small-signal gain coefficient is

constant and only depends on the material parameters:
OesOap — OasOcp

Y0,max — N
Oap + Tep

4. The saturation power increases linearly with the pump power. This will be investigated in

Section 4.3.3 in particular by measuring gain curves for varying pump powers.

It should be noted at this point that the model is greatly simplified compared to the experiment.
For example, neither the longitudinal nor the transverse intensity distribution of the pump or

laser mode are taken into account.

4.3.2 Design of Amplifier Stage

To investigate the optical gain properties of a Ho>*:YAG amplifier, a similar resonator to the
one presented in Section 4.2.4 is used. A schematic representation of the entire setup is depicted
in Figure 4.29. In contrast to the previously presented resonator, the HR mirror is replaced
by one with a radius of curvature of -0.15 m to further shift the output power to a higher level.
Subsequent to the resonator, a variable attenuator consisting of a half-wave plate and a TFP
is used to control the signal input power for the amplifier stage. A Galilean telescope (lenses
Lg and L7) focuses the signal beam to a 1/e? beam diameter of w, = 570 um into the center
of the amplifier crystal. As amplifying medium, two 0.75 % doped Ho*:YAG crystals with
a total length of 52 mm are used. To pump the amplifier crystals, a second 100 W Tm3*-doped
fiber laser is focused by a three-lens telescope (L3, L4, and L5) to a beam waist diameter of
wp = 600 um. To investigate different amplifier pumping schemes, the unpolarized output of
the Tm>®*+-doped fiber laser is approximately split in half by a TFP. An attenuator is installed
in each pump arm to control the input pump power. The combining of the pump and the signal
beam into the amplifier crystals is realized by a dichroic IC mirror (R > 99.9 % for 1980 nm,
R > 99 % for the s-polarized 2090 nm light and R < 2 % for the p-polarized 2090 nm light).

While a co-pumping scheme is generated when the pump and the signal light pass the amplifier
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Figure 4.29: Schematic representation of the MOPA setup including both the oscillator and the amplifier stage.

crystals in the same direction, a counter-pumping scheme is realized when the pump light
passes the amplifier crystal in the opposite direction compared to the 2090 nm signal light. A

dual-end-pumping scheme results when co- and counter-pumping are combined.

4.3.3 Characterization of Ho*":YAG Amplifier

Due to the improved resonator, some important characteristics are briefly summarized in
the following. A maximum output power of 65.7 W is measured with a slope efficiency of
63.4 % (see Figure 4.30(a)). Beam propagation factors of M? = 1.14 and M? = 1.05 are
measured in the horizontal (z) and vertical (y) beam direction at an output power of 61.8 W,
which is therefore set as the working point (see Figure 4.30(b)). Figure 4.30(c) shows the power
stability measured over half an hour. The standard deviation is 0.1 W confirming the stable
operation. At 50 kHz repetition rate, Q-switched pulses with 33 ns pulse duration, a pulse energy
of 1.24 mJ, and a pulse peak power of 38 kW are measured (see Figure 4.30(d)).

Figure 4.31 shows the amplifier output power depending on the pump power for the co-, counter-,
and dual-end-pumping scheme. While the highest slope efficiency of 69.9 % is achieved in the
co-pumping scheme, the slope efficiency of the counter-pumping scheme amounts to 59.8 %.
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Figure 4.30: Characteristics of the modified oscillator. (a) Ho3t:YAG output power depending on pump power.
(b) Beam propagation factor measured at 62 W of output power. (c) Power stability measurement over
30 min. (d) Exemplary output pulse reaching a peak power of 38 kW.

The slope efficiency of the dual-end-pumping scheme (65.6 %) is in between these values. The
split of the pump power at the TFP limits the available pump power to around 50 W for the co-
and counter-pumping direction. In the dual-end-pumping scheme, the entire available pump
power of 101 W is available. The superior performance of the co-pumping scheme might be
explained by the longitudinal distribution of the signal and the inversion making up the specific
longitudinal gain distribution. Overall, the gain distribution results from a complex interplay
of pump and signal mode, but the following considerations are intended to approximate the
problem. Firstly, due to gain saturation effects and the increasing signal along the crystal axis,
the gain coefficient decreases with the propagation of the signal through the crystal. Secondly,
the distribution of the inversion along the crystal axis strongly depends on the chosen pumping

scheme. In the co-pumping scheme, the inversion is highest at the front of the crystal due to the
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Figure 4.31: Amplifier output power depending on the input power with a fixed signal power of 62 W for different
pumping schemes.

exponential absorption of the pump light, resulting in the highest gain coefficient at this position.
In contrast to this, the gain coefficient is highest at the end of the crystal in the counter-pumping
scheme. In the dual-end-pumping scheme, the inversion is comparably homogeneous over the
length of the crystal. Thus, the first effect is dominant in this case. For this setup, the gain
distribution leading to a maximum total gain results for the co-pumping scheme. However,
due to the highest available pump power in the dual-end-pumping scheme, this configuration is

characterized in more detail in the following paragraph.

Figure 4.32 shows the amplifier output power and the depolarized power depending on the pump
power for the dual-end-pumping scheme. Due to a slightly improved alignment in comparison
with the power curve presented in Figure 4.31, a slightly higher slope efficiency of 67.5 % and
a maximum output power of 122 W is measured when the incoming signal power is set to 62 W.
A pump threshold of 11 W is determined. Below this pump power, the inversion in the amplifier
crystal is not high enough to compensate for the reabsorption losses of the signal beam. At the
highest output power, the depolarized power is below 2 W corresponding to a value of < 1 %.
From the linearity of the power curve, the pump power limitation of the setup is concluded.
Thus, a further power scaling might be achieved with a higher available pump power. The beam
propagation factor is measured to be around M? ~ 1.2, which is only a small deterioration in
comparison with the oscillator beam propagation factor (see Figure 4.32(b)). The measurement

of the power stability is shown in Figure 4.32(c). In comparison with the oscillator power
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Figure 4.32: Characteristics of the amplifier output. (a) Output power depending on pump power. (b) Beam quality

measured at 122 W of output power. (c) Power stability over 30 min. (d) Exemplary output pulse reaching
a peak power of 72kW.

stability, the standard deviation of the output power increases to 0.8 W. The higher instability
might result from instabilities of the amplifier pump laser due to thermal blooming, as the
propagation path was considerably longer compared to that of the oscillator pump beam. At
the maximum output power, pulses with an energy of 2.45 mJ, a pulse duration of 34 ns, and
a pulse peak power of 72kW are measured, which is almost twice as much as was measured for
the oscillator pulses. Therefore, the gain at maximum pump and signal power is approximately

G = 2. A more detailed analysis of the optical gain depending on the pump and signal power is
discussed in the following paragraph.
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At first, the gain coefficient of the signal beam when passing the unpumped amplifier crystals is

_11 Pout
’y_Ln R 9

where P, is the incident signal power and P,y is the power measured behind the amplifier

determined. It is calculated by

(4.42)

crystals with a total length L. The gain coefficient depending on the incident signal power is
shown in Figure 4.33(a). The attenuation is reflected in the negative value of the gain coefficient.
In addition to the measured data, the plot includes the theoretically expected gain coefficient
calculated from the material parameters N = 1.04 - 102 m—2 and o,s = 0.21 - 10724 m? [20]
resulting in a theoretical small-signal gain coefficient of Y meo = —21.5m~1. By perform-
ing the fit given in Equation (4.38), the small-signal gain is experimentally determined to
Yo,exp = —15.9 m~'. The 26 % deviation from the theoretical expectation might result from
uncertainties in the power measurement and the crystal doping concentration. In addition to the
small-signal gain coefficient, the saturation power is determined from the fit and it amounts to
4.9 W, whereas the theoretically expected value is 2.2 W. Figure 4.33(b) shows the gain coeffi-
cient for the amplifier crystals pumped with powers between 20 W and 101 W. For an increasing
pump power, an increase in the gain coefficient is observed and for an increasing signal power,
the gain coefficient is reduced. This is in accordance with the expectation from the theoretical
model. For the higher pump powers, the small-signal gain coefficient approximately amounts
to 0.45 cm™!, which corresponds to a total gain factor of 10.4 over the entire crystal. For the

b
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Figure 4.33: Gain coefficient for (a) an unpumped crystal and (b) a crystal pumped with increasing powers between
20 W and 100 W.
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Figure 4.34: (a) Small-signal gain coefficient and (b) saturation power depending on the absorbed pump power. Both
parameters show the expected qualitative behavior.

maximum pump power of 101 W and the maximum signal power of 60 W, the gain coefficient
is 0.13cm™!, resulting in a gain of 2. From the fit parameters, the small-signal gain coefficient
and the saturation power is determined for each pump power. Figure 4.34(a) and Figure 4.34(b)
show the small-signal gain coefficient and the saturation power, respectively, as a function of the
absorbed pump power. The absorption efficiency is estimated to be 95 %. The fit function and fit
parameters are given in the inset of the respective plots. For the fit of the small-signal gain coef-
ficient, the fit parameter b is set to the value that was determined from Figure 4.33(a). From the
0~24m2, Op =12 10~2* m?, and

Oep = 0.77 - 10724 m? [20], the maximum small-signal gain coefficient in the limit of infinitely

theoretical model and the material parameters oes = 1.2 - 1

high pump powers is determined to be Yo maxexp = (50 = 8) m™!, whereas from the model a
value of Y0 max theo = 67.6 m~! was expected. This corresponds to a deviation of 26 % of the ex-
perimental from the theoretical value. The saturation power increases linearly with the absorbed
pump power as expected from the theoretical model (see Figure 4.34(b)). From the fit, the spec-
troscopic saturation power is determined to be 0.5 W. The theoretically expected slope amounts
t0 Mipeo = 1.17, whereas the value of the experimentally determined slope is ey = 0.24.

Overall, the small-signal gain coefficient and the saturation power show the expected dependence
on the pump power, although the experimentally determined values differ from the theoretical
ones. This might result from the deviations of the experiment from the simplified model. Further
deviations arise due to measurement uncertainties in the input and output power and the beam
diameters of the pump and signal mode. Further, an increase in the pump beam diameter with a
higher pump power due to thermal blooming effects cannot be ruled out.
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4.3.4 Discussion

Finally, the results obtained here are compared with findings from the literature. Table 4.3 shows
the results obtained from three published Ho®*:YAG amplifier systems in comparison with this
work. P, denotes the signal input power to the amplifier stage, P, nax denotes the maximum
pump power, and Py« refers to the maximum signal output power. The results obtained in all
works are in a similar range. Typical slope efficiencies are around 70 % and optical-to-optical
conversion efficiencies (OOCEs) are around 60 %. In addition to the efficiencies, the gain
factors are comparable as well, especially when the parameters from the model presented in this
work are used to estimate the gain factors at the corresponding pump and signal powers from the
references [30, 120, 125]. For a pump power of 140 W and a signal power of 55.1 W as has been
shown by Zhao et al. [120], the model predicts a gain factor of 2.6, for a pump power of 165 W
and a signal power of 90 W as has been shown by Liu et al. [30], the model predicts a gain
factor of 2.1, and for a pump power of 145 W and a signal power of 81.8 W as has been shown
by Mi et al. [125], the model predicts a gain factor of 2.1. As the gain properties of the amplifier
presented in this work and the literature results are comparable, the higher overall output power
that was presented in the literature is attributed to the higher available pump power in these works.

This indicates that a further power scaling is achievable when higher pump powers are available.

4.3.5 Summary

To summarize, a single-stage Ho?*:YAG amplifier was investigated in terms of the output beam
and the optical gain characteristics. At first, a theoretical model was derived to describe the gain

characteristics starting from the rate equations. Under equilibrium conditions, a saturation of the

Table 4.3: Comparison of published Ho3+:YAG amplifier system with the results obtained in this thesis.

Reference  Year P, Ns OOCE GatPymax  Piax
inW in% in % in W

[120] 2018 55.1W  66.1 60.6 2.5at140W 140
[30] 2021  90W 736 659 22atl65W 201
[125] 2022 81.8W 688 576 20atl145W 165
This work 2024 61.8W 675 596 20atl101W 122
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gain coefficient and a linear increase of the saturation power with the pump power were predicted.
For the experiments, the oscillator design was slightly improved compared to the one presented
in Section 4.2.4 by using an HR mirror with a smaller radius of curvature. The amplifier
stage was further designed such that a co-, counter-, and dual-end-pumping scheme could be
investigated within the same setup. These pumping schemes mainly differed in the longitudinal
gain distribution that developed in the amplifying medium. Although the highest slope efficiency
of 69.9 % was achieved in the co-pumping scheme, it was limited in pump power, thus the
dual-end-pumping scheme was characterized in detail. A maximum output power of 122 W was
measured with a beam propagation factor of M? ~ 1.2. Therefore, the preservation of the beam
propagation factor in an amplifier was confirmed. From the linear course of the power curve,
a pump power limitation was concluded, thus further power scaling is possible when a pump
source with a higher output power is used. The Q-switched pulses were amplified to a pulse
energy of 2.45 mJ and had a pulse peak power of 72kW. The gain coefficients were measured
for an unpumped amplifier crystal and for an amplifier crystal pumped with different pump
powers. As predicted from the theoretical model, the saturation of the gain coefficient could be
measured in both cases. Furthermore, the small-signal gain coefficient and the saturation power
showed the expected qualitative behavior. Further scaling of the pump power seems possible, as

the output power was limited by the available pump power.
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5 Ho’":YAG Resonators with
Increased Mechanical Stability

In this chapter, the mechanical stability of Ho3":YAG resonators is investigated. The resonator
end mirrors are replaced by Porro prisms, which retro-reflect the incident light in one axis,
therefore leading to an angular stabilization of the laser mode. Section 5.1 gives an overview
over the existing research on Porro prism based laser resonators. In Section 5.2, a theoretical
background is provided to understand the working principle of a Porro prism and its special
characteristics. The Porro prisms are experimentally characterized in Section 5.3. Different
cavities with Porro prisms are presented in Section 5.4. In Section 5.5, the obtained results are

analyzed and discussed. Section 5.6 summarizes the chapter.
This chapter is based on the results discussed in the publication:

K. Goth, M. Griesbeck, M. Eitner, H. Biiker, M. Eichhorn, and C. Kieleck, “Alignment-
insensitive end-pumped continuous-wave crossed-Porro prism Ho?*:YAG laser,” Optics Letters,
vol. 47, no. 13, p. 3143, 2022. por: 10.1364/0OL.459892.

5.1 Introduction

For lasers that are intended to be operated in harsh environments, resulting in considerable
mechanical vibrations, an alignment-insensitive resonator design is a requirement. Resonator
designs that are distinguished by a high misalignment tolerance often use prisms as cav-
ity end reflectors, e.g. right angle cones [132, 133], corner cube prisms [134-136], or
Porro prisms [33, 137, 138]. Especially resonators with two crossed Porro prisms based

on Nd3*:YAG crystals have been used in applications like laser rangefinders [139-141], laser
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designators [139, 142, 143], and for space applications [144—147] in the last decades. Research
on both the characteristics of Porro resonators as well as on the characteristic properties of
Porro prisms has been presented. In 1980, See has thoroughly described a Porro resonator,
has investigated the impact of different angles enclosed by the two Porro apexes on the align-
ment stability, and has shown the overall increased alignment stability in a Porro resonator
by a factor of 30 [33]. Lee and Leung have investigated the beam pointing [148] and lateral
displacement [149] of the output beam from a misaligned Porro resonator as well as the align-
ment tolerance of such a resonator [150], both theoretically and experimentally. In addition,
higher-order resonator modes developing in Porro resonators have been discussed in detail
by Litvin et al. [151] and Burger et al. [152]. Next to Porro resonators, the physical proper-
ties of Porro prisms were investigated including their polarization properties [153, 154] and
losses at the apex [151, 155]. In particular, Richards has introduced a zero phase shift (ZPS)
Porro prism [156—158], which enables a depolarization compensation of the thermally-induced

birefringence in the laser crystal [157].

Many of these Nd3*:YAG lasers have been operated in a low-repetition-rate regime between
1-20 Hz with pulse energies of some tens of mJ resulting in average output powers below
1 W [141, 144, 147, 159]. In this operational regime, thermal lensing effects are weak, facilitat-
ing the resonator design. Lasers with average output powers of some Watts were also realized in
a crossed-Porro design. However, these laser exhibited a multi-mode transverse mode structure
resulting in high beam propagation factors [143, 145, 160].

In contrast to the four-level laser material Nd3+:YAG, the quasi-three-level nature of Ho3t:YAG
imposes constraints on the resonator design due to reabsorption losses at the laser wavelength.
These constraints are further exacerbated when a laser source with a near-diffraction-limited
beam quality is required, as here an excellent overlap of the pump and the laser mode has to
be established. Alignment-insensitive Ho3*:YAG lasers with a near-diffraction-limited beam
quality based on corner cube prisms have been presented by Wang et al. in 2018 [161] and by

Yan et al. in 2023 [162]. However, they were operated at low average powers around 1 W.

In this thesis, the principle of a crossed-Porro resonator is applied to a Ho**:YAG laser for the
first time. In distinction to already existing literature, the investigated lasers are designed to
operate at a high average power and with an excellent beam quality, which implies the use of

small pump diameters resulting in strong thermal lensing.
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5.2 Theoretical Considerations on Porro Prisms

In Section 5.2.1, the working principle of a Porro prism and the resulting alignment insensitivity,
when it is used in a laser resonator, is explained. Section 5.2.2 presents a calculation of the
losses resulting from the prism apex, which is not infinitely sharp. The angular spectrum of
the incident light beam as a loss mechanism is derived in Section 5.2.3. The polarization
properties of the prisms are calculated with the Jones matrix formalism in Section 5.2.4 and
the resulting possibility of depolarization compensation in a laser resonator is presented in
Section 5.2.5.

5.2.1 Functional Principle of Porro Prisms

A Porro prism is a right-angled prism in which the beam is incident through the hypotenuse side
face as indicated in Figure 5.1(a). Because the beam is totally internally reflected from the two
prism side faces and the angle between the side faces is 90°, the beam reflected from the prism
is antiparallel to the incident beam. This works both for beams that are incident onto the prism
perpendicularly as well as under an angle (see Figure 5.1(b)). However, for obliquely incident
beams, the reflective property only works in an angular range defined by the condition for the
two total internal reflections (TIRs). A simple geometric consideration yields that the angular

range |air| is given by

lorir| < % — arcsin <”1> , (5.1)
n

(a) (b)

\

A

Figure 5.1: Reflection from a Porro prism when the beam is incident (a) perpendicular and (b) under an angle and when
the Porro prism has an apex angle (c) larger and (d) smaller than 90° by 9.
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Figure 5.2: Working principle of a crossed-Porro cavity. The prism on the left/right side stabilizes the laser mode angle
in the vertical/horizontal plane. /¥ denotes the angle around which the left/right prism can be tilted while
preserving its retro-reflective property.

where n; and ng are the refractive index of air and the prism material, respectively. When the
incident and reflected beam shown in Figure 5.1(a) and Figure 5.1(b) are considered as the
envelope of a Gaussian beam, the retro-reflection of a beam centered on the apex becomes
clear. A crucial property of the Porro prism is the 90° angle of the apex. When the apex angle
deviates from the 90° angle by ¥J, an angle of 29 between the incident and reflected beam results.
The direction of deviation depends on the apex angle being smaller or larger than 90° (see
Figure 5.1(c) and Figure 5.1(d)).

When two prisms are used on the opposite sides of a resonator with their apexes aligned
perpendicular to each other, then each prism stabilizes one beam axis due to its retro-reflective
property (see Figure 5.2). The angle enclosed by the apexes can in principle take values between
0-90°, but the configuration with the highest alignment stability is reached for an angle of
90° [33, 163]. In addition to the alignment stability, the angle can also have an impact on the
beam propagation factor and in resonators operated on higher order modes, the highest beam

quality was simulated for an angle of 90° [164].

5.2.2 Calculation of Apex Losses

For an efficient retro-reflection, the apex of the prism must be as sharp as possible. In the
vicinity of the apex, the side faces are not well defined resulting in a breakdown of the TIR.
Consequently, the fraction of the light beam that overlaps with the apex is diffracted at the apex,
therefore it is lost for the reflection. To approximate the losses which are expected from the

apex, it is assumed to be rectangular in Figure 5.3.
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Figure 5.3: Calculation of losses for a Gaussian beam with beam radius wq at the apex, which is depicted as a rectangle
having a width A and a shift yo with respect to the beam center.

By calculating the overlap integral of the incident Gaussian beam with the rectangular area, the
apex losses can be estimated. The intensity distribution of a Gaussian beam with peak intensity

Iy and beam diameter wy is given by

22
I(x,y):]oexp< 9L +y ) . (5.2)
wh

Depending on the apex width A, the shift yy with respect to the center of the beam and the
beam diameter, the losses are given by

yo+A/2
Awo, A, yp) = foo A/2 f Iy d:r:dy 1 (E { (2904‘A> — Exf (M)>
o I o I y)dedy 2 No, V3w, )]

(5.3)
Typical values for the apex sharpness are around 5 um [39]. As typical beam diameters are in
the range of several hundred um, the approximation A < wy can be used. In this case, the

losses are approximated as

V2A 2y3
Awg, A, R~ 270 5.4
(wo, A, yo) T P ( 2 ) (5.4)
As can intuitively be expected, the losses get larger when the apex width increases, the beam
diameter decreases, and when the beam is centered on the apex. The apex losses will be

determined experimentally in Section 5.3.
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5.2.3 Influence of Angular Spectrum on TIR Range

The angular range for which the condition for both TIRs on the prism side faces is fulfilled
only holds true for geometrical optics, where light is considered as a ray with a specific
propagation direction. In the angular spectrum representation, a Gaussian beam is described
as a superposition of plane waves with different propagation directions [165]. According to
Equation (3.4), the electric field distribution describing a Gaussian beam in the beam waist

is given by

2 2
Tty ) . (5.5)

e = Evsn (22
By applying a Fourier transform on the electric field distribution, the angular distribution
is derived [51, 165]:

EA’(é’gg7 0,) = / / E(x,y)exp (—i(kyx + kyy)) dedy (5.6)
21.2
= Eomw? exp (-“’Of(ei + ef,)> , (5.7)

where 0, and 60, are the angles of the z- and y-component of the wave vector, k, and k,,
with the z-axis, respectively. The intensity distribution is given by I(6,, 0y) E(0,, 6,)%.
Figure 5.4(a) shows the intensity distribution of the angular spectrum in one dimension for
different beam diameters. For a stronger beam focusing, the width of the angular spectrum
increases. As a consequence, the angular range, for which both TIRs work, is reduced when a
Gaussian beam with a wider angular spectrum is incident onto the prism. The losses A expected
from the angular spectrum distribution of the Gaussian beam, when the prism is tilted by an
angle (3, is calculated by

arir—f oo oo oo
AB)=1- / / 1(9$,9y)d9x9y// / 1(6,,6,)d6,6, (5.8)
—(arir—pB) J—o0 —00 J —00

—1—FExf <ﬁm° (arim — 6)) . (5.9)

In this equation, the integration only has to be performed in one axis, as the prism is tilted

around the respective axis. Figure 5.4(b) shows the losses depending on the tilt angle of the
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Figure 5.4: (a) Angular spectrum and (b) prism losses depending on the tilt angle for Gaussian beams focused to
100 um (black), 200 um (red), 300 um (blue), and 400 um (green).

prism for different diameters of the Gaussian beam. A smaller beam waist diameter results in a

larger angular spectrum and increased losses at a given prism tilt angle.

5.2.4 Polarization Effects in Porro Prisms

TIR results in different phase shifts depending on the state of polarization [153]. Because the
reflective property of Porro prisms is based on two TIRs, incident mixed polarization states
experience different phase delays in the two intrinsic axes of the prism. This changes the
polarization state of the reflected light beam compared to that of the incident light beam. The
polarization properties of the Porro prisms play a crucial role in the output coupling of the light
from the resonator. Two output coupling schemes can be distinguished, which both involve
a TFP. Firstly, by rotating the prism apex, the intrinsic polarization axes of the prism are
rotated, which results in a modified polarization state of the light reflected by the prism. As
a consequence, the output coupling at the TFP is changed [138, 151]. A disadvantage of this
method is that it is not possible to use the cross-Porro configuration with the highest alignment
stability. Secondly, as an alternative to rotating the prism, the polarization state of the incident
light can be altered by a wave plate [159, 166, 167].

A mathematical tool for calculating the effect of a system of optical elements on a polarization
state is the Jones matrix formalism [64]. In the Jones matrix formalism, the polarization states

of the light are described by vectors, which indicate the oscillation direction of the electric
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Table 5.1: Vectors and matrices in the Jones matrix formalism describing different polarization states and optical
elements, respectively [64].

Polarization state/Optical element Symbol Jones vector
Horizontal polarization By (é)

Vertical polarization Ey

Mirror My ( 10 )

Quarter-wave plate M _im 1 0
(fast axis horizontal) /4 © 0 1

Half-wave plate
(fast axis horizontal)

Polarizer
(axis of transmission horizontal)

. 7Z¢
Porro prism Mooro (e 0 )

(apex horizontal)

ZPS Porro prism

. M,
(apex horizontal) Porro,ZPS

field, and phase shifts, which are introduced by the optical elements, are described by matrices.
Similar to the matrix optics formalism introduced in Section 3.1.1, by multiplying all Jones
matrices from an optical system, the polarization state of the light, which is transmitted through
the optical system, can be calculated. The polarization states and matrices of specific optical
elements, which are relevant in the following investigations, are given in Table 5.1. Jones
matrices for two types of Porro prisms are also included. Mpy, describes the phase delay of a
classical Porro prism as shown in Figure 5.1. Mpoo zps 1S the Jones matrix of a Porro prism that
does not introduce a phase delay between two perpendicular polarization states. Details on this
type of Porro prism have been described in [156] and [158]. To derive these two matrices, the
phase delay in the case of a single TIR is required. The phase delay ¢(«) for the s-polarization
and x («) for the p-polarization are given by [153]
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/ - 2
tan (qb(a)) = nsin_a - 1 (5.10)
2 7 COS (¢

tan <X(2a)> = n2tan (¢(20‘)> , (5.11)

where 7 is the refractive index of the prism and « is the angle of incidence. Consequently, the

Jones matrix for one TIR is given by

e—ix(@) 0
( 0 e—i</>(a)> . (5.12)

For a Porro prism aligned with a horizontal apex and tilted by an angle of 1} around its apex, the
angle of incidence on the upper side face is ;3 = 45° — ¢ and the angle of incidence on the
lower side face avg = 45° + 9 (see Figure 5.5). These angles have to carefully be considered in
the calculation of the phase shift of the Porro prism. When a horizontally polarized beam (in
the laboratory system) is incident onto this prism, the beam is s-polarized with respect to the
side faces of the prisms and as a consequence experiences the phase delay ¢(«). Under this
consideration, the Jones matrix for a Porro prism with horizontal apex can easily be determined

by multiplying the according Jones matrices for the two TIRs on the prism side faces:

MPorro = e_i(ﬁ(uz) O . e_i(b(al) 0
0 e*lX(Otz) 0 e*ZX(Oél)

e~ Ho(a1)+d(az)) 0
= . (5.13)

0 e~ tx(a1)+x(a2))

Figure 5.5: Porro prism with horizontal apex tilted by an angle ¢ around its apex. The indicated angles o1 and a2 are
relevant to correctly determine the phase delay introduced by TIR.
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In a ZPS Porro, the beam experiences two further TIRs from a surface which is aligned such that
s- and p-polarization change their roles, therefore the phase delay between the two perpendicular

polarization directions cancels.

When an optical element with the Jones matrix Mj is rotated around the optical axis by an angle

of 3, the Jones matrix for the rotated optical element M;(3) is given by

(5.14)

My(B) = R(B)M;R(=fB) with R(B):(Cos(ﬁ) —Sin(6)>_

sin(8)  cos(B)

To derive the wave plate angle, which is necessary to achieve a certain output coupling, the
following situation is considered (see Figure 5.6(a)): A light beam with arbitrary polarization
E;, passes a TFP with horizontal transmission axis, a wave plate rotated by an angle of «, is
then reflected by a Porro prism with vertical apex, and passes the wave plate again. The resulting
elliptic polarization is then split at the TFP. Mathematically, the transmitted, E'r, and reflected,
ER, proportion through the TFP are given by

s
Er = MPHM)\/n (_a) Mporro (5

Er=1—Ey. (5.16)

) My )y, (@) Mpy Ein (5.15)

Here, n = 2,4 refers to a half-wave or quarter-wave plate, respectively. The calculation
is performed in the coordinate system of the incident beam. Figure 5.6(b) depicts the fast
axis (FA) of the wave plate regarding to the beam propagation direction. Due to the choice
of coordinate system, the wave plate angle changes to —a for the backward pass of the wave
plate. Figure 5.7(a) and Figure 5.7(b) show the s- and p-polarized fraction that is reflected and

(a) WP prism (

=BT "drd,
It/ p PN

facing the turned away
y prism from prism

Figure 5.6: (a) Setup for measuring the polarization properties of the reflected beam when rotating the wave plate. The
prism apex is vertical. (b) Determination of fast axis (FA) angle of the wave plate when the coordinate
system of the incident beam is used.
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Figure 5.7: Calculated output state of polarization when rotating (a) the quarter-wave plate and (b) the half-wave plate
in the setup shown in Figure 5.6.

transmitted at the TFP, when a quarter-wave plate and a half-wave plate is rotated, respectively.
Considering the combination of TFP, quarter-wave plate, and Porro prism as output coupling
unit of a resonator, an output coupling up to 52 % is realizable. With a half-wave plate, an

output coupling between 0-88 % is possible.

5.2.5 Depolarization Compensation with Porro Prisms

Due to the thermally induced birefringence in the Ho**:YAG crystal, depolarization losses
occur when the laser is operated at a linear polarization. In addition to losses, the thermally
induced birefringence is also the cause of an astigmatic output beam. In combination with a
wave plate, Porro prisms are suitable for compensating this depolarization due to the image
rotation in the prism. In analogy to Section 5.2.4, this effect can be considered mathematically
with Jones matrices. For the calculation, the situation shown in Figure 5.8(a) is taken into
account. An initially p-polarized beam first passes a pumped laser crystal that introduces a phase
delay, therefore resulting in depolarization. Then, a wave plate and a Porro prism with horizontal
apex is double-passed. Finally, the crystal is passed again. In a system in which depolarization
losses are compensated for, the final state of polarization is either the same as the initial state
of polarization or it has the perpendicular state of polarization. In a cylindrical laser crystal, the
eigensystem of the thermally induced birefringence is formed in the radial and tangential direc-
tion, thus it depends on the radial position r and the polar angle ¢. In the Jones matrix formalism,
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(a) . (b) image Y,
prism inversion
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Figure 5.8: (a) Setup for evaluating the depolarization losses for different cases. (b) Determination of the polar angle
of the crystal when the coordinate system of the beam is used. The first pass of the crystal is indicated by
the red arrow, the image inversion is indicated by the dashed arrow, and the second pass of the crystal is
indicated by the blue arrow.

the crystal is described as a phase plate that introduces a phase delay ¢ depending on the radial
position r and the angle ¢. Therefore, the Jones matrix for such a crystal is written as [157]

ei5/2 0
Mc (5a (b) = R(¢) 0 e_i5/2 R(_¢) . (517)

The Jones matrix of the optical system shown in Figure 5.8(a) is then given by
MJ(a) = M. (5» ¢) MA/n(_a)MPorroM)\/n (Q)Mc (& ¢) . (5.18)

The angle ¢ in the second pass of the crystal (first matrix) is positive because the Porro prism
introduces an image inversion on the beam (see Figure 5.8(b)). If a mirror was used instead
of the prism, the negative angle ¢ would have to be considered. When the incident beam is
horizontally polarized, the depolarized electric field is calculated by

™
Egepol = Mpn <§> Mi(o) By (5.19)

By squaring the depolarized electric field, a measure for the depolarized intensity is calculated.
Some combinations of wave plate and mirror or ZPS Porro prism and the resulting depolar-
ized intensity are given in Table 5.2. The simple right-angled Porro prism is not included,
as a complicated numerical expression results from the calculation. The combinations 1, 3,
and 5 yield the same depolarization loss, which results from the simultaneous image inversion
and change of position in the crystal when the Porro prism is used. The loss is decreased
for the combinations 2 and 4 when a quarter-wave plate is included under an angle of 0°.
Figure 5.9 shows the depolarization loss as a function of the polar angle of the crystal. For
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Table 5.2: Different combinations of wave plate and mirror/ZPS Porro prism and the resulting depolarized intensity.

Number Combination Depolarized intensity
1 Mirror without wave plate I; o sin?(8) sin®(2¢)
2 Mirror with \/4 (0°) I, o sin*(5/2) sin?(4¢)
3 ZPS Porro prism without wave plate I3 o sin®(d) sin?(2¢) = I
4 ZPS Porro prism with A/4 (0°) I, o sin*(§/2) sin?(4¢) = I
5 ZPS Porro prism with A/4 (45°) I5 o sin’(8) sin?(2¢) = I
6 ZPS Porro prism with \/2 (22.5°) Ig ox 1

the calculation of the curves, a radially-independent phase delay of 6 = 0.5 was assumed'.
Additionally, the curves are depicted depending on the position in a crystal with radius 1. The
combinations 1, 3, and 5 are represented by the black curve and the combinations 2 and 4
are represented by the red curve, which shows a considerably reduced depolarization. The
course of the black curve can be explained as follows: For positions on the horizontal and
vertical crystal axes (¢ = 0,7/2, 7, 3w /2), the initial horizontal polarization is in the eigen-
system of the crystal, thus no depolarized component is generated. However, on the diagonal
axes (¢ = w/4, 3w /4,57 /4, 7w /4), an initial horizontal polarization splits in the eigensystem
of the crystal, which is diagonal in this case. Therefore, both components experience different
phase delays in the crystal, resulting in an elliptic polarization after the second crystal pass,
which leads to a depolarized component. When a quarter-wave plate under an angle of 0° is
inserted between the crystal and the mirror (red curve), the argumentation remains the same
for the horizontal and vertical axis. For the diagonal axes, however, the quarter-wave plate has
an angle of 45° with respect to the resulting diagonal polarization. Therefore, in a double-pass
of the quarter-wave plate, the polarization state is rotated by 90° and the radial and tangential
polarization state change their roles. Consequently, in the second pass of the crystal, each
component experiences the phase delay, which the other component has experienced in the first
crystal pass. Thus, there is no phase delay between the components and the initial horizontal
polarization is restored, which is why there is no depolarization loss in this case. A reduction
in depolarization is also achieved with the simple Porro prisms, both without wave plate (blue)

and with a quarter-wave plate under 0° (green). A complete depolarization compensation can be

" In Section 5.4.4, the experimental value is shown to be smaller but for the purpose of improving the visibility, the

value was enhanced.
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Figure 5.9: Depolarization losses for different combinations of mirror or Porro prism and wave plate depending on
the polar angle ¢ in the crystal. For the calculation, a phase delay of § = 0.5 and an initial horizontal
polarization was assumed. The labeling of the curves is given in the legend. For illustration purposes, the
depolarized intensity is also shown as a function of the position in a crystal with radius 1. Here, the colors
of the axes correspond to the colors of the respective curves.

achieved when the ZPS Porro is used in combination with a half-wave plate under 22.5°. In fact,
the light is perpendicularly polarized with respect to the incident light after passing the crystal
for the second time. However, this effect cannot be exploited in a simple linear cavity but only in

amore complex polarization flip cavity. This cavity will be presented in Section 5.4.4.

5.3 Experimental Characterization
of the Porro Prisms

At first, the Porro prisms are investigated with a light microscope in Section 5.3.1. Following
this, the prism apexes are characterized regarding their width and angle in Sections 5.3.2 and

5.3.3. Finally, the polarization properties of the prisms are measured in Section 5.3.4.

5.3.1 Light Microscopic Investigation

For the assessment of the quality of the prism apexes, they are investigated with a micro-
scope (Zeiss Axio Vert. Al MAT) under a fivefold magnification. Figure 5.10 shows two
exemplary images of the apexes of two prisms. The upper image shows a 1.06 mm wide defect
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Figure 5.10: Microscopic investigation of two Porro prisms in comparison. Top: The apex shows a large defect with a
length of 1.06 mm. Bottom: Defect-free apex of an apex with a high quality.

at the apex, which is large considering that typical beam diameters are below 1 mm. The lower
image shows the apex of a prism without any defects. Based on these images, a first qualitative
assessment of the prism apexes was performed. To determine the apex width quantitatively, the

apexes are investigated with a Ho?*:YAG laser.

5.3.2 Apex Width

The experiment is based on a measurement of the reflected power by a prism as shown in
Figure 5.11(a). For this purpose, the Porro prism is illuminated with a 2090 nm Ho3*:YAG
laser with a power of Py and a beam diameter wy at the prism apex. The apex of the prism is
aligned under a small angle to measure the reflected power Fr. The losses are then given by
Pr

A=1- B (5.20)
Based on Equation (5.4), the losses are measured for a varying apex position in the incident laser
beam by scanning the apex vertically through the beam (see Figure 5.11(b)) and along the apex
axis to investigate its homogeneity (see Figure 5.11(c)). Additionally, the apex is investigated for
different beam diameters (see Figure 5.11(d)). Figure 5.12(a) shows the losses depending on the
offset between prism apex and beam center for the prisms that have already been investigated
under the light microscope. The prism apexes were illuminated with a beam diameter of
approximately 600 um. By fitting Equation (5.4) to the data, the apex width of Porro prism 1 is
determined to be (30.0 + 0.3) um and for Porro prism 2, it amounts to (20.0 £ 0.6) um. These
values show the differences in apex sharpness between different prisms. To obtain low losses
when the prisms are used in a resonator, those with the lowest apex widths should be preferred.
Figure 5.12(b) shows the apex width for different types of prisms. Porro prism A (black)
refers to Porro prisms with a round aperture. During the further course of the thesis, optimized
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(a) Reflected power Py X
A = 2090 nm, power P, [
beam diameter Al Y

Figure 5.11: (a) Determination of apex sharpness by measuring the reflected power from a prism. (b) Movement of
apex perpendicular to the apex. (c) Movement of apex along its axis. (d) Investigation of reflected power
for different beam diameters.
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Figure 5.12: (a) Scan of the prisms vertical to their apex axes. (b) Apex width for different types of prisms.

prisms with a rectangular aperture were characterized (Porro prism B (blue)). In addition, the
apex width of five ZPS Porro prisms (green) was measured. The quality of Porro prisms A
strongly varies depending on the sample. Porro prisms B have on average the lowest apex
width. The apex widths of the ZPS Porro prisms are on the order of the best prisms of Porro
prisms A. The different apex widths will become relevant in Section 5.4. Figure 5.13(a) shows
two exemplary scans along the apex axis. Porro prism 2 (red) shows a homogeneous apex
with losses around 5 %, whereas Porro prism 1 (black) shows strongly varying losses around
10% to 35 %. These high losses are due to the defect that has already been visible in the

microscopic image. Figure 5.13(b) shows the apex losses of these two prisms depending on
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Figure 5.13: (a) Scan of the prisms parallel to their apex axes. (b) Losses at apex depending on beam diameter.

the beam diameter. With an increasing beam diameter, the losses decrease as expected from
Equation (5.4). However, for the larger beam diameters, the losses are higher than expected
from the model. Here, a further loss mechanism could result from a greater amount of defects
or imperfections at the apex or the prism itself when a larger area is illuminated. In addition,
the modeling of the apex as a rectangular loss window is a rough approximation and a further
refinement of the model might yield a better fit with the experimental data. Overall, due to
the observed loss mechanisms, the demand for an increased alignment tolerance is therefore

associated with precisely manufactured optics, which can be a challenge.

5.3.3 Apex Angle

The apex angle of the prism is a crucial property because an apex angle unequal to 90° results
in a widening of the incident beam. It is measured similar to the pointing stability measurement
introduced in Section 3.2.1, thus an angular offset « is translated into a local offset r in the
focal distance f of the lens. The setup consists of a collimated laser beam with a wavelength of
2.09 ym and a diameter of 1.2 mm, which passes a TFP and a half-wave plate aligned under an
angle of 22.5° and illuminates the prism under investigation (see Figure 5.14(a)). The beam is
reflected from a Porro prism with a horizontally aligned apex and passes the half-wave plate
again resulting in a large amount of the light to be perpendicularly polarized with the incident
light, thus it is reflected from the TFP. After passing a lens with a focal length of f ~ 40 cm, it
is detected by a beam profiler. As the beam profiler must be positioned precisely in the distance
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of the geometrical focal length of the lens to measure the smallest possible angle between two

beams, its alignment is described in the following section.

Alignment and Calibration of the Setup

For the alignment, the prism is illuminated at two different vertical positions of the upper side
face. The inset of Figure 5.14(a) indicates the resulting offset of the reflected beam when the
prism is moved vertically. Because these two parallel beams are focused to the same spot in
the distance of the geometrical focal length of the lens, this indicates the target position for
the detector plane of the beam profiler. Figure 5.15(a) shows the centroid position of the two
beams over 1000 frames after the alignment of the beam profiler. The offset of the beams in the
vertical direction (perpendicular to the apex) is 10 um. The expansion of the centroid positions
is attributed to the intrinsic beam pointing of the laser source. Its standard deviation amounts to
20 um. With a maximum error estimation, the total error on the offset is estimated to be 30 um,
corresponding to an angular offset of 75 urad, thus it sets a limit to the minimum measurable
angle between two beams. As in the measurement the lower and upper side face of the prism are
illuminated one after the other, an angle of 44 is measured between the beams when the angular

(a) A2 (22.5°) (b) A4 (45°) HR

prism

< - == |-

Beam profiler

Beam profiler

Figure 5.14: (a) Setup to measure the apex angle. The inset depicts the vertical shift of the prism to illuminate two spots
on the upper side face, thus to create two parallel beams with an offset, which are used for the alignment of
the beam profiler. (b) Setup to calculate the relation between the offset of two beams on the beam profiler
and their enclosed angle in front of the lens.
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Figure 5.15: (a) Centroid position of two parallel reflected beams with an offset after the alignment of the beam profiler.
(b) Calibration by measuring the centroid position of two tilted beams with an angle of 10 mrad.

deviation of the apex from 90° amounts to 1 (in analogy to Figure 5.1(c)). Due to the refraction

at the prism front face, the error on the apex angle measurement amounts to

_ TSprad

)
4n

= 13wrad=3", (5.21)

where n is the refractive index of the prism.

To calibrate the setup, a mirror is placed at the position of the prism, rotated by a defined
angle, and the offset between the two beams on the beam profiler is measured. Figure 5.15(b)
shows the distance of » = 4426 um of the two spots when the beams enclose an angle of

approximately 10 mrad.

Measurement of Apex Angle for Different Prisms

To measure the apex angle, the lower side face is always illuminated before the upper one. This
procedure allows to conclude if the measured angular deviation results from an angle larger or
smaller than 90°. Table 5.3 gives an overview over the investigated prisms and the measured
apex angles. In addition, Figure 5.16 shows the two beam positions on the beam profiler. Prisms
no. 1 and 2 were measured as a reference because the deviations from the 90° angle were known
from the manufacturer. The measured apex angle deviations are in good agreement with the
values provided by the manufacturer. Like prism no. 1, prism no. 3 has a small angular deviation
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Table 5.3: Exemplary prisms for which the apex angle deviation was measured.

No. Type Specification Apex angle deviation
1 ZPS Porro Specified with 0.1” (3 £ 3)”
2 Porro Specified with 39” (44 £ 3)”
3  Porro - (—4£3)"
Porro attached to
4 - 601 &+ 3)”
Ho3*:YAG crystal ( )
ample 2 le 4
T Sample 1 0 Sample 0 Sample 3 10 Sample
§ I = Lower side face - *
gp@ 9f - Upper side face 5 0 5
ZE 0 . 0 : 0 . 0
§ g -5 -5 -5 -5
c 10 10 10 10 ?
e S | S | T e S| S T N T S R S T R T R S| R S )
Centroid horizontal  Centroid horizontal =~ Centroid horizontal = Centroid horizontal
in mrad in mrad in mrad in mrad

Figure 5.16: Centroid positions of the two beams reflected from the lower (black) and upper (red) side face on the beam
profiler.

(a) (b)

Figure 5.17: Reflected beam profiles from an imperfect apex angle. Note that the images are rotated by 90° with respect
to the measurement. (a) Beam profile when the apex of prism no. 4 is illuminated resulting in a split
beam. (b) Beam profile when only a side face of prism no. 2 is illuminated (left) and when the apex is
illuminated (right), which results in a widening of the beam.

on the order of the measurement accuracy, thus the apex is of high quality. This prism will be
used in the resonator presented in Section 5.4.2. Prism no. 4 is an example of a prism with a
large angular error. When its apex is illuminated, the reflected beam is split (see Figure 5.17(a)).
When the apex of prism no. 2 is illuminated, only a widening of the beam is observed (see
Figure 5.17(b)). When this prism is used in a laser resonator, the angular error has a drastic

effect on the resulting laser output.
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Figure 5.18: Measurement of beam propagation factor of a resonator with a Porro prism with (a) an apex angle of 90°
and (b) an apex angle deviating from 90°.

Comparison of Prisms with Different Apex Angles in Laser Operation

To investigate this effect, the beam quality of a linear resonator with prism no. 2 and 3 instead
of the OC mirror is determined. Figure 5.18 shows the measurement of the beam propagation
factor. A near-diffraction-limited beam quality and a round output beam profile is measured
when the prism with a 90° apex angle is used. In contrast to this, when a prism with an angular
deviation is inserted in the resonator, a drastic decrease in the beam quality is observed in the
axis perpendicular to the apex. In the beam profile, this manifests itself in a widening of the

beam profile. This once again emphasizes the importance of a high-quality apex angle.

5.3.4 Measurement of Polarization Properties

To experimentally verify the unique polarization properties of the Porro prisms, a similar setup
compared to the setup in Figure 5.6(a) is used. To ensure a loss-minimized measurement, the
prism is illuminated on one side face resulting in an offset of the reflected beam. The incident
s-polarized 2090 nm light passes a quarter- or half-wave plate, is reflected at the prism, passes
the wave plate again, and is analyzed depending on the wave plate angle. The resulting curves
are shown in Figure 5.19(a)-(d). In Figure 5.19(a) and Figure 5.19(b), the state of polarization

of a Porro prism with a quarter-wave plate and a half-wave plate, respectively, is analyzed.
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Figure 5.19: State of polarization when linearly polarized light passes a quarter-wave (left) or half-wave (right) plate, is
reflected from a Porro (top) or ZPS Porro (bottom), and passes the wave plate again.

In Figure 5.19(c) and Figure 5.19(d), the state of polarization of a ZPS Porro prism with a
quarter-wave plate and a half-wave plate, respectively, is analyzed. In all cases, an excellent

agreement with the theoretical Jones model is confirmed.

5.4 Porro Prism Resonators

In this section, four Porro prism resonators are presented. The compact linear Porro prism
resonator in Section 5.4.1 shows the limited power scaling capabilities of a simple linear
resonator design with two crossed Porro prisms. A telescopic resonator design suggested to
overcome these limitations is presented in Section 5.4.2. In addition, the alignment sensitivity

is compared with that of a conventional resonator using mirrors as cavity end reflectors. A
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length-optimized one-sided linear Porro prism resonator based on the resonator presented in
Section 3.2.2 is characterized in Section 5.4.3. Section 5.4.4 addresses the depolarization

compensation with a Porro prism resonator.

5.4.1 Compact Linear Porro Prism Resonator

In analogy to the previously presented resonators of this thesis, a similar linear cavity is used as
a first Porro resonator attempt. The setup is depicted in Figure 5.20. The pump light is shaped
by an afocal telescope, consisting of the lenses L1, Lo, and L3, and focused into the Ho?t:YAG
crystal with a pump beam diameter of 730 um. In addition to the typical cavity end mirrors, two
AR coated Porro prisms (P; and P») are used with their apexes aligned perpendicular to each
other. As both prisms are HR, the output coupling is realized with a combination of a wave plate
and a TFP. In this setup, the approximately polarizing properties of the IC mirror are used for
this purpose. The wave plate (WP) is rotated such that an output coupling of 50 % results. To
achieve this in the resonator with two cavity end mirrors, a quarter-wave plate is aligned under
an angle of 22.5°. For the resonator with two Porro prisms, a half-wave plate is used under an
angle of 12.2° determined by the Jones matrix calculations in Section 5.2.4. The total physical
cavity length of the resonator is 13.3 cm.

Four configurations are investigated: a resonator with two end mirrors as a reference, one
resonator with only prism P; and one with only prism P», and a resonator with both Porro
prisms. Figure 5.21 shows the output power of these resonators with respect to the incident
pump power. The mirror resonator has a slope efficiency of 60.8 %, which is lower than in the

basic resonator presented in Section 3.2.2 because the pump beam diameter was chosen to be

Tm®* -doped| ... [}... Yoo}
fiber laser 0 H 0 AN
L, L, Ly

P, IC WPE P,

|I|'|Ho3 :YAG] IAOM}—H—H >
NS

Figure 5.20: Setup of a simple linear Porro prism resonator. The abbreviations are explained in the text.

141



5 Ho®*t:YAG Resonators with Increased Mechanical Stability

= Mirrors
30F
= v Porro 1
e e Porro 2
5 4 Porro1 & 2
£ 20f — Linear Fit ]
2,
O \-
: 0
£ 10F 55.0 % 1
= 17.3 %
14.3 %
0 1 1 1
0 20 40 60

Pump power in W

Figure 5.21: Ho3*:YAG power depending on pump power for a resonator with two mirrors (black), Porro Py (red),
Porro P> (red), and both Porro prisms (green).

larger in this setup with the idea of having a larger beam diameter at prism P, thus limiting the
losses at this prism. When prism P; replaces the cavity end mirror close to the laser crystal,
the slope efficiency decreases to 55.0 %, which is explained by the apex losses of this prism,
which amount to 7 %. In this configuration, a maximum output power of 31.9 W is measured.
When only prism P is inserted instead of the respective mirror, the slope efficiency drops to
47.3 % corresponding to 18 % losses at this prism apex because of the smaller mode diameter
at prism P, due to the focusing effect of the thermal lens. In the resonator with both prisms,
the slope efficiency is further reduced to 44.3 %. In addition, an instable operation is observed
for output powers above 17.5 W, which manifests itself in fluctuations of the beam profile and
output power. As a consequence, the drastic losses at the apex of P, and the fluctuations in the
resonator with both prisms hinder a power scaling in this simple linear resonator. To decrease

the apex losses at prism P, a telescopic resonator is designed.

5.4.2 Telescopic Linear Porro Prism Resonator

The telescopic Porro resonator is presented in detail in [168]. An intracavity telescope (L4 and
Ls) with a magnification of M = 5 is inserted into the resonator to increase the mode size on
prism P, thus to decrease the losses at this apex. Figure 5.22 shows a schematic representation

of this resonator. In addition, a TFP specified for 2090 nm is inserted to ensure an optimal
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Figure 5.22: Schematic representation of telescopic Porro resonator architecture.
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Figure 5.23: Comparison of Ho3%:YAG output power depending on absorbed pump power for the three investigated
telescopic resonators.

output coupling. Due to the additional optical elements, the total physical cavity length amounts

to 21.4cm.

In similarity with the previously investigated Porro resonator, this resonator is investigated in
different configurations: Firstly, the resonator is set up with two HR mirrors (mirror resonator).
Secondly, prism P, is inserted into the resonator (mirror-Porro resonator) to verify if the
increased mode diameter leads to the desired loss reduction. Thirdly, the resonator with both
Porro prisms is investigated (Porro resonator). The resonators are investigated regarding their
output power and slope efficiency, beam quality, and angular alignment sensitivity. The power
curves of the resonators are shown in Figure 5.23. All resonators have high slope efficiencies

above 67 %. The mirror resonator has the highest slope efficiency of 74.8 %. Because each of
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the prisms introduces small losses at the apex, the slope efficiencies in the mirror-Porro resonator
and the Porro resonator decrease to 70.1 % and 67.4 %, respectively. This corresponds to prism
losses of 4.5 % at prism P, and 2.8 % at prism P;. This confirms that the intracavity telescope

reduces the losses at prism P» due to an increased mode diameter.

The highest output power of 37.8 W is reached in the mirror resonator. In the Porro resonator,
the maximum output power decreases to 30.7 W which is limited by the previously observed
temporal instabilities in the output power and in the beam profile, in particular in the axis
perpendicular to the apex of P,. These instabilities are explained with fluctuations in the
thermal lens, which might result from instabilities in the pump beam due to thermal blooming.
As a consequence, the laser mode is moved perpendicular to the apex of prism P, which leads
to an offset of the laser mode when it is reflected from the prism. This in turn changes the laser
mode size in the crystal. Also, the resonator losses are reduced. Both effects result in a change
of the gain properties of the crystal which, again, modifies the thermal lens.

Figure 5.24(a) and Figure 5.24(b) show the residual pump and depolarized power for all
resonators. The resonators containing at least one prism show a higher absorption efficiency
than the mirror resonator. The depolarized power is equal for the mirror and the mirror-Porro
resonator up to an absorbed pump power of 45 W. Above this pump power, the depolarized
power increases stronger for the mirror-Porro resonator due to the instabilities described before.

The depolarized power in the Porro resonator is lower than for the other resonators because the
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Figure 5.24: (a) Residual pump power and (b) depolarized pump power in the mirror and Porro resonators.

144



5.4 Porro Prism Resonators

(a) Mirrors (b) Porros
E 2.5} = X o] E 2.5¢L N X
g . e g .
=20} Y ~ & 20} Y
g M2 = 1.14 g M? = 1.08
£ 15} M2 =113 ~ g 1.5t M? =111 ~ 1
d /// Cﬁ ,”,,/
= 1.0 = 1.0} ]
! kS| ’
£ F g Se= @
05} 3 0.5} ]
M M

0.0 00t SR

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Position in cm

Position in cm

Figure 5.25: Measurements of beam propagation factor in (a) the mirror and (b) the Porro resonator.

Porro prism P; next to the crystal inverts the image of the laser mode. Therefore, the thermally

induced birefringence in the crystal is partially compensated [157].

Measurements of the beam propagation factor in the mirror resonator and the Porro resonator
at a pump power of 49.5 W reveal an excellent beam quality in both cases (see Figure 5.25 (a)
and Figure 5.25(b), respectively). An output power of 30.8 W and 27.8 W was measured for
the mirror and the Porro resonator, respectively. Both measurements include an image of the
beam profile in the far field, which is similar for both resonators. For the mirror resonator, a
beam quality factor of 1.14 in the z-direction and 1.13 in the y-direction was measured. For the
Porro resonator, a slightly better beam quality of 1.08 in the - and 1.11 in the y-direction was
determined. The excellent beam quality shows that a good mode matching between pump and
laser mode was generated. In addition to the improved beam quality of the Porro resonator, a
slightly smaller astigmatism is observed, which results from the reduced birefringence in the

Porro resonator.

To verify whether the alignment sensitivity of the Porro resonator is improved with respect
to the mirror resonator, the mirrors and prisms are tilted and the resulting output power is
measured. Figure 5.26 shows the normalized output power for the mirror (black) and Porro
resonator (blue) when prism P» or the corresponding mirror is tilted. In Figure 5.26(a), the
tilt axis is parallel to the apex (insensitive axis), whereas it is perpendicular to the apex in
Figure 5.26(b) (sensitive axis). The alignment sensitivity is defined as tilt angle at which the
normalized power equals 0.9 [159]. When prism P is tilted around its insensitive axis, the

alignment stability is +20 mrad. Within this angular range, only small changes in output power
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Figure 5.26: Determination of alignment sensitivity when (a) prism P is rotated around its insensitive axis, (b) prism
P is rotated around its sensitive axis, and (c) prism P is rotated around its insensitive axis. (d) Simplified
side view of the telescopic Porro prism resonator to facilitate understanding (a)-(c).

are detected. This results from the retro-reflective property of the prism, which leads to an
unchanged resonator mode. Considering the refractive index of the prisms, the TIR angle is
44.1 degree, thus an angular stability range of +22.2 mrad is expected. For tilt angles larger
than 20 mrad, a drop in output power is expected and also observed in the experiment due to a
breakdown of TIR. The angular spectrum of the Gaussian beam (see Section 5.2.3) leads to
a flattened drop of the output power. For the mirror resonator, a drastically lower alignment
sensitivity of 0.1 mrad is determined. The overall low stability is attributed to the use of the
intracavity telescope. The cause for this are non-parallel mirrors, which lead to a decreasing
overlap of pump and laser mode when the mirror is tilted. Overall, the Porro resonator has a
200 times higher alignment tolerance in this axis. Similar to this, when prism P; next to the

146



5.4 Porro Prism Resonators

crystal is tilted around its insensitive axis, the alignment stability is above 20 mrad as well (see
Figure 5.26(c)). However, the alignment sensitivity of the mirror resonator is 0.5 mrad in this
case due to a smaller distance of the mirror from the pumped region. This results in an improved

stability for the Porro resonator by a factor of 40.

When prism P, is tilted around its sensitive axis, an alignment sensitivity of 1 mrad is measured
for the Porro resonator, whereas it is 0.1 mrad for the mirror resonator (see Figure 5.26(b)).
Here, tilting the prism changes the position of the laser mode inside the cavity. However, the
angular range of the opposite prism compensates for the angular change of the laser mode. The
drop in output power results from a decreasing overlap of pump and laser mode with increasing

tilt angle, therefore it is less sharp than for the tilt around the insensitive axis.

After the assessment of the alignment sensitivity, the focus is now directed towards the laser
properties in Q-switched operation. When the Porro resonator is operated at a pulse repetition
rate of 50 kHz, pulses with an energy up to 0.51 mJ and a minimum pulse duration of 170 ns are
measured (see Figure 5.27(a)). This corresponds to a pulse peak power of 3kW. Figure 5.27(b)
shows the pulse energy and pulse duration depending on the pump energy. Like in CW operation,
the pulse energy depends linearly on the pump energy. The slope efficiency is 53.9 %. This
lower value compared to CW operation results from the fact that the linear fit has only been
performed for the higher pump energies, where the local slope efficiency is slightly lower. In this
range, pulse durations between 220 ns and 170 ns are measured. However, large pulse-to-pulse

fluctuations around 10 % are observed in the Porro resonator. These might be a consequence of
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Figure 5.27: (a) Temporal shape of a Porro resonator pulse. (b) Pulse energy and pulse duration depending on
pump energy.
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the apex losses that effectively lead to a spatial loss distribution of the resonator, thus influencing
the gain distribution in the crystal. Further, by changing the gain profile, the observed beam
profile fluctuations contribute to the pulse instabilities as well.

To conclude, this telescopic Porro resonator showed a significantly higher alignment tolerance
compared to the mirror resonator. Due to the comparatively large pump beam diameter in the
crystal and the long cavity, pulse durations above 170 ns were measured. Besides, the pulses
showed considerable pulse-to-pulse fluctuations. The output power scaling was mainly limited

by fluctuations in the beam profile.

To rule out that the beam profile fluctuations are connected to losses at the prism apexes, the
Porro prisms A, which were used up to this point, are replaced by the Porro prisms B shown
to have a smaller apex width in Figure 5.12(b). In addition, the pump diameter is decreased
to 500-600 um to increase the inversion and to generate shorter pulses, and the intracavity
telescoped is adapted to have a magnification of M ~ 6 to have a similar mode diameter
on prism P» as in the previously presented telescopic resonator. Figure 5.28(a) shows the
Ho?*:YAG output power depending on the absorbed pump power for this resonator with both
Porro prisms A and B. The power curves have almost the same slope efficiency and the course
is similar, thus the sharper apexes with fewer losses do not improve the performance of the laser.
At an output power of 28.5 W, 0.57 mJ pulses with a pulse duration of 124 ns were measured.

This is almost 30 % shorter than in the previously presented telescopic resonator. Above this

b
@&y (b) ‘ ‘ ‘ ‘
= = Porro A 4.6 kW-- "
Z30L e PorroB 4t ]
g —— Linear Fit E
3t ]
Q =
220[ ] =
O 8 ol — =124 ns]
= % % .....
7 10 © = SR
[ o 00T
0Lt . . . . . 0 bsssnanane?e T a0 Cn oo
0 10 20 30 40 50 60 -200 -100 0 100 200 300
Absorbed pump power in W Time in ns

Figure 5.28: (a) Comparison of Ho?* :YAG output power depending on absorbed pump power for a telescopic resonator
with Porro prisms A with a round aperture and Porro prisms B with a rectangular aperture. (b) Exemplary
temporal pulse shape at 28.5 W output power.
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power of 20 W (red) and 31 W (black) in comparison.

output power, fluctuations in the beam profile are apparent in both resonators. Thus, they cannot
be attributed to the apex losses. To illustrate the flucuations in the beam profile, Figure 5.29(a)
and Figure 5.29(b) compare the normalized output beam profile in the horizontal and vertical
direction, respectively, at an output power of 20 W, where a stable beam profile was measured
and at 31 W of output power, where strong instabilities were observed. The instabilities are
apparent in both beam axes, although they are stronger in the horizontal direction (perpendicular
to P») because of the longer distance to the thermal lens. This leaves the hypothesis that they are
caused by thermal blooming effects from the pump laser, which moves the pumped region from

the ideal position determined by the intersection of the two apexes.

To achieve a further decrease in pulse length, a shorter cavity is realized by removing the

intracavity telescope and by replacing the output coupling unit by a 50 % OC mirror.

5.4.3 Length-Optimized One-Sided Linear Porro Resonator

Figure 5.30 depicts the setup of the length-optimized Porro resonator. Similar to an undoped
end cap, the Porro prism is directly attached to a 0.75 % doped 26 mm long Ho3*:YAG crys-
tal (named Porro crystal). Other than that, the setup equals the one presented in Section 3.2.2.

Figure 5.31(a) shows the output power of the length-optimized Porro resonator (red) and the
reference mirror resonator in which the Porro crystal is replaced by a conventional crystal and

an HR mirror (black), depending on the pump power. Both resonators are operated with high
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Figure 5.31: (a) Ho?+:YAG output power of resonator with a plane HR mirror and the Porro crystal depending on the
pump power. (b) Beam quality measurement of Porro crystal resonator at an output power of 34.8 W in
Q-switched operation.

slope efficiencies of 69 % for the mirror and 66.9 % for the Porro resonator. The Porro resonator
can be operated with a maximum output power of 44 W at a pump power of 69.6 W. Because an
operation with a good beam quality is desired, the working point of this resonator is chosen to be
at a pump power of 57 W corresponding to an output power of 35.6 W. For this working point,
a beam quality measurement is shown in Figure 5.31(b). In the z-direction, a beam propagation
factor of 1.13, and in the y-direction, a beam propagation factor of 1.08 is determined. The
inset shows the beam profile of the output beam revealing a diffraction like pattern, which might
result from the apex losses. In Q-switched operation, pulses with an energy of up to 0.8 mJ and
a minimum pulse duration of 55 ns are measured (see Figure 5.32(a)) both resulting from the
decrease in the cavity length. The slope efficiency of 67.5 % is similar to the value measured
in CW operation. An exemplary pulse shape at the working point is shown in Figure 5.32(b).
With a pulse energy of 0.7 mJ, a pulse peak power of 12.3 kW is achieved, which is more than
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Figure 5.32: (a) Pulse energy and pulse duration depending on the pump energy. (b) Temporal evolution of pulse profile
with Porro crystal.
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Figure 5.33: Angular stability when OC mirror opposite of the Porro crystal is tilted.

twice as high as in the telescopic Porro resonator. In addition, the RMS energy stability is 1.8 %,
which is considerably lower than in the telescopic resonator design.

In accordance with Section 5.4.2, the alignment stability is determined by measuring the
normalized output power depending on the tilt angle of the OC mirror (see Figure 5.33).
Because the prism is attached to the Ho?*:YAG crystal, the influence of a prism tilt cannot be
measured. However, the opposite OC mirror is tilted around the axis in which the prism has

its insensitive axis and should provide for an angular stabilization. With the mirror resonator,

151



5 Ho®*t:YAG Resonators with Increased Mechanical Stability

an alignment stability of 1.25 mrad is measured, whereas it is improved to 4.4 mrad in the
Porro resonator. Thus the stabilizing effect is already observed in a resonator with only
one Porro prism. However, this comparatively small improvement in alignment tolerance is
attributed to the significantly higher alignment tolerance of the mirror resonator investigated in
this section (1.25 mrad) compared to that the telescopic mirror resonator (0.1 mrad). A more
detailed discussion of this will be presented in Section 5.5.

5.4.4 Polarization Flip Cavity with Porro Prism

Many of the so far investigated resonators created an astigmatic output. A polarization flip
cavity involving a ZPS Porro prism is one concept for its reduction. Figure 5.34(a) depicts the
setup of such a polarization flip cavity. It differs from the previously presented length-optimized
cavity mainly in two points. Firstly, a conventional 0.7 % doped Ho**:YAG crystal with an
HR coating for the 1908 nm pump light is used to minimize the V-shape of the pump beam.
Secondly, either a quarter-wave plate and an HR mirror or a half-wave plate and a ZPS Porro
prism with horizontal apex are used to decrease the depolarization losses and to reduce the
astigmatism of the output beam. Both combinations are investigated in this section. Because the
polarization is rotated by 90° after a double-pass of the crystal, the half-wave plate and the ZPS
Porro (see Table 5.2), it is reflected from the IC mirror, and an HR mirror with the same radius
of curvature as the OC mirror and the same distance to the crystal reflects it back for another

passage of the crystal, half-wave plate, and ZPS Porro prism.

Figure 5.34(b) illustrates the polarization flip after double-passing the crystal, the half-wave
plate, and the Porro prism. Initially, the laser mode is horizontally polarized (black dashed
arrow). When it passes the crystal for the first time, it experiences a delay with respect to
the radial and tangential eigensystem of the crystal depending on the radial position (red
dashed arrow). The half-wave plate under 22.5° with the Porro apex flips the polarization
components (blue-dashed arrow) around its fast axis (green solid line). The ZPS Porro prism
flips the polarization around its apex without introducing a further phase delay on one of the
components (blue solid arrow). Then each polarization component is rotated around the fast
axis of the half-wave plate again (red solid arrow). When the resulting polarization components
then pass the crystal, the component that has experienced the radial phase delay in the first pass
now experiences the tangential phase delay and vice versa. Thus, in total both components

experience the same phase delay and are rotated by 90° resulting in the polarization flip (black
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Figure 5.34: (a) Schematic setup of the polarization flip cavity intended to reduce the astigmatism. (b) Change in the
state of polarization when the incident horizontally polarized light (black dashed) passes the crystal (red-
dashed), a half-wave plate under 22.5° (blue dashed), is flipped at the horizontally aligned prism apex (blue
solid), and passes the half-wave plate (red solid) and the crystal (black solid) again. The final polarization
is flipped with respect to the initial one and linear. (c) Change in the polarization when passing the same
components with the difference that the half-wave plate is aligned under 0°. In this situation, the final
polarization is not flipped and is in general elliptical. For the sake of clarity, the size of the black arrows
was reduced.

arrow). In analogy to this, Figure 5.34(c) shows the development of the polarization for a
half-wave plate that has an angle of 0° with the Porro apex. Here, the polarization is not flipped,

thus no depolarization compensation is generated.

In the first investigated configuration, an HR mirror and a quarter-wave plate at an angle of 0°
are used, which aims for decreasing the depolarization losses. To measure the depolarization
losses, the curved HR mirror is slightly tilted and the reflected power is measured. Figure 5.35(a)
shows the power curves without a quarter-wave plate and with a quarter-wave plate under 0°. In
both cases, the slope efficiency over the entire range of pump powers is 71 %. However, the
local slope efficiency is 46.2 % without the quarter-wave plate and 63.0 % with the quarter-wave
plate for high pump powers between 60—80 W. The reason for this is the depolarized power,
which is considerably decreased at high pump powers with the quarter-wave plate. This allows

a 2 W higher output power of 51.9 W at the maximum pump power. When the wave plate is
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Figure 5.35:

rotated, the depolarized fraction increases until it reaches its maximum value at an angle of
45° (see Figure 5.35(b)). A good agreement with the theoretical curve is achieved when a phase

delay of & = 0.2 averaged over the crystal radius is assumed.

Secondly, the resonator including a ZPS Porro prism is considered. A linear configuration
without half-wave plate and a misaligned curved HR mirror is compared to the polarization
flip cavity with a half-wave plate under 22.5° and the curved HR mirror aligned with the cavity
mode. The corresponding power curves are shown in Figure 5.36. As expected, the linear cavity
has a slightly lower slope efficiency than the linear cavity with the mirror. The slope efficiency
is reduced further in the polarization flip cavity, which might be caused by the fourfold pass of

the laser medium resulting in changed gain properties.

In addition, the beam propagation factor was measured at a pump power of 62 W for the linear
cavity and 60 W for the polarization flip cavity (see Figure 5.37(a) and Figure 5.37(b)), which
is similar in both configurations. Although the beam profile in the polarization flip cavity shows
a halo around the main beam, the astigmatism is reduced, which proves the intended working

principle of this setup experimentally.

Due to instable pulses observed in Q-switched operation, the presented Porro prism based
resonators are not suitable for generating ns pulses and in the consequence, it cannot be used
to pump an OPO. To pump the OPO, which will be investigated in Chapter 6, the Ho?>*:YAG

laser presented in Chapter 4 will be used.
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Figure 5.36: Ho3*:YAG output power for the linear cavity with ZPS Porro (black) and the polarization flip cavity (red)
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Figure 5.37: Measurement of beam propagation factor in the (a) linear cavity and the (b) polarization flip cavity.

5.5 Discussion

Finally, the results are discussed and compared to prior literature results. The small mode

diameters resulting from the requirement for a good beam quality in the linear resonator lead

to high losses and a limited power scaling capability. A telescopic resonator design offers a

solution to this issue, but it comes at the cost of an inherently low alignment tolerance, which

was 0.1 mrad in the telescopic resonator investigated in this thesis. The low alignment tolerance
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arises due to the intracavity lenses as the lenses amplify any misalignment introduced by one of
the resonator end mirrors. As a result, a significantly higher alignment tolerance is observed
when prisms are used. This is particularly evident in the investigation of the angular tolerance
in the resonator with the Porro crystal, which is only larger by a factor of three, thus it is a
comparatively small improvement. Among other things, this is due to the large (compared
to the telescopic design) alignment tolerance of the compact mirror resonator of 1.25 mrad.
Therefore, for the design of a resonator with a high alignment tolerance, a telescopic design
has only limited suitability. A further difficulty in optimizing Porro resonators arises from
the fixed apexes, which require a stable position of the pump mode. Due to the presence of
thermal blooming effects, this has not been guaranteed at high pump powers. Thus, further
effort must be taken to find optimal operation conditions for Porro resonators with Ho**:YAG
crystals. Nevertheless, the obtained results stand out in comparison with the existing literature.
In comparison with prior research on Nd3*:YAG based Porro prism resonators, the investigated
resonators in this thesis were operated at significantly higher powers and with an excellent
beam quality. For example, Winker et al. presented a multi-mode crossed-Porro prism resonator
with a pulse energy of 220 mJ operating at 20.16 Hz, which corresponds to an average output
power of 4.4 W, in 2004 [145]. In 2015, Yang et al. showed 93 mJ pulses at 20 Hz repetition
rate, corresponding to an average output power of 1.9 W, with a beam propagation factor
M? < 2.5 [160]. Huang et al. measured pulses with an energy of 196 mJ at 10 Hz repetition
and with a beam propagation factor of M? < 11, which corresponds to an average power
of 2 W [143]. Besides, alignment-insensitive resonators based on Ho3:YAG were limited in
average output power as well. In 2018, Wang et al. presented a Q-switched Ho3*:YAG laser
with an output pulse energy of 2.18 mJ at 1 kHz repetition rate, corresponding to an average
output power of 2.8 W. They measured a near-diffraction-limited beam propagation factor
of M? = 1.3 [161]. A similar setup was presented by Yan et al. in 2023. They measured
6.8 mJ pulses at 100 Hz repetition rate, corresponding to an average output power of 0.68 W.
In contrast to these results, this thesis shows that a significant average power scaling up to
28.5 W is possible with a near-diffraction-limited beam quality in Ho**:YAG Porro prism based
resonators. Overall, resonators based on Porro prisms are suitable to increase the mechanical
stability, although further research must be done to eliminate fluctuations in the beam profile,

output power, and in the pulsed output.
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5.6 Summary

To summarize, different resonators based on Porro prisms were investigated focusing on
their mechanical stability and power and energy scalability. At first, the Porro prisms were
theoretically and experimentally analyzed regarding properties connected to their apex as well
as their polarization properties. A result of these investigations was that a sharp prism apex
is essential to minimize losses and that the apex angle should not deviate from 90°, as this
results in a widening of the beam. Subsequently, different Porro resonators were investigated.
At first, a simple linear crossed-Porro cavity was investigated. Due to the small beam diameter
and the associated losses, especially at the prism on the opposite side of the crystal, a drastic
decrease in slope efficiency was observed compared to a conventional mirror resonator, thus the
output power could not be scaled above 20 W. To enable a further power scaling, a telescopic
resonator design was implemented, which enlarged the laser mode on the critical prism Ps.
This enabled reducing the drop in slope efficiency and allowed an output power scaling up to
27.8 W with an excellent beam quality. In addition, the significantly higher alignment tolerance
of the Porro resonator as compared to the mirror resonator was shown. Nevertheless, two
issues remained. Firstly, at an elevated output power beam profile fluctuations limited the
further output power scaling. These were finally attributed to the thermal blooming of the pump
beam. Secondly, the pulse duration was longer than 100 ns, resulting in low peak powers, and
large pulse-to-pulse fluctuations, which were attributed to the spatially modulated loss and
gain profile, were observed. Therefore, such a laser would not be suitable to pump an OPO.
With a more compact setup with only one Porro prism and a conventional 50 % OC mirror, the
pulse length could be reduced to 55 ns while the increased alignment stability was also partially
maintained. Finally, with a polarization flip cavity based on a ZPS Porro prism, a reduction in

astigmatism could be shown.
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6 Nonlinear Conversion of 2.09 um
Ho’":YAG Pulses

This chapter discusses the use of the Ho3":YAG laser from Section 4.2.4 to pump an OPO
with ZGP as nonlinear material. After an introduction focusing on ways to generate light in the
MWIR region in Section 6.1, theoretical considerations concerning the mode sizes in OPOs are
shown in Section 6.2. The experimental setup is described in Section 6.3. It is characterized in
Section 6.4 followed by a discussion of the results in comparison with the existing literature in

Section 6.5. Finally, Section 6.6 summarizes the chapter.
This chapter is based on the results discussed in the publication:

K. Goth, M. Eitner, M. Griesbeck, M. Rupp, D. Lorenz, J. Deutsch, M. Eichhorn, and C.
Kieleck, “Beam quality improvement in a linear ZPG OPO pumped by a Q-switched compact
high-power Ho3t:YAG laser,” Optics Continuum, vol. 3, no. 2, p. 112, 2024. po1: 10.1364/
OPTCON.505473.

6.1 Introduction

MWIR coherent light can be generated by a wide variety of methods. A requirement for direct
laser sources in this wavelength range is a low phonon energy of the host material. Otherwise,
in materials with high-phonon energies, the probability of bridging the laser transition by
multi-phonon relaxation is high, leading to short upper laser level lifetimes and nonradiative
decay [170, 171]. However, low phonon energies typically come with a low thermal conductivity

and low damage threshold, which limits power scaling [172].
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Suitable direct emitters in the MWIR region are rare-earth-doped fluoride fiber lasers or
transition-metal-doped crystal lasers. Fluoride fiber lasers doped with Er*t [173, 174],
Ho3* [175, 176], or Dy?* [177] together cover the 3—4 um region. Output powers of some
tens of Watts have been shown in these fiber lasers. Transition-metal-doped crystal lasers like
Cr?*:ZnSe [178] or Fe?*:ZnSe [179] are broadly tunable between 2—3.5 um and 3.7-5.1 um,
respectively. These lasers have been operated either at high power or at high pulse energies.
In addition, quantum cascade lasers are tunable emitters in the 3-300 pm range which can be
realized by engineering the semiconductor layer structure [180-182]. Nevertheless, the simulta-

neous pulse energy and average power scalability remains a challenge in all of these lasers.

The power and energy scaling becomes possible by nonlinear conversion like DFG and OPOs.
Widely used nonlinear crystals are periodically poled lithium niobate (PPLN) and potassium
titanyl phosphate (KTP), which are transparent up to around 4 um [184, 185]. In many OPOs,
these crystals are pumped by a 1 pm or 1.5-1.6 um laser, thus generating a signal beam in the
near infrared region and an idler beam in the MWIR region [186—189]. When instead a 2 pm
pump source is used, energy conservation yields that both the signal and the idler band are
in the MWIR region. Pumping a PPLN OPO with a 2 um laser has been shown, but parasitic
absorption of the generated idler wave starting at 4 um limits the efficiency [190, 191]. More
suitable nonlinear crystals for pump wavelengths longer than 2 um, which are transparent over

the entire 3—5 um range, are ZGP, cadmium silicon phosphide (CSP), orientation-patterned
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Figure 6.1: Overview over coherent sources emitting in the MWIR region (similar to [183], based on [13, 173-179,
181, 182, 184, 185]).
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gallium arseninde (OP-GaAs), and orientation-patterned gallium phosphide (OP-GaP) [13].
Among these, ZGP has the most mature fabrication process and, in addition, a high nonlinear
coefficient (dzg = 75pm V') and a high thermal conductivity [13]. An overview of the

discussed MWIR sources and the wavelength range that they cover is shown in Figure 6.1.

OPOs based on ZGP crystals have been extensively studied in the last 25 years. In addition to dif-
ferent resonator geometries like linear, ring, and image rotation cavities [30, 121, 130, 192], the
power scaling through multiple-stage optical parametric amplifiers was investigated [30, 193].
Linear OPO cavities stand out due to their low complexity and compact design. Up to 38 W of
MWIR output power has been demonstrated [194]. However, this architecture requires using a
Faraday isolator between the pump source and the OPO to protect the pump laser from back-
reflections of the OPO components. More complex ring resonators can be operated without an
isolation stage, thus enabling the power scaling of the MWIR output. An MWIR output power
of 78 W was demonstrated from a ZGP ring OPO [30]. However, the degradation of the beam
quality with increasing pump powers remains a challenge in either design. A solution to this
issue is offered by image-rotating resonators, which improve the beam quality by generating a
highly symmetric output beam through the suppression of higher order modes, but such designs
are highly complex [121, 194, 195]. A less complex solution is the mode matching of pump
and resonator modes by the inclusion of a negative lens in the cavity as has been shown in ring
OPOs [193]. Because there is a lack of research on this design in a linear OPO cavity, it is

investigated in this thesis.

6.2 Theoretical Considerations on
OPO Resonator Mode Sizes

In similarity to laser resonators, one factor that determines the beam quality in an OPO is the
mode matching of the pump and the resonator modes. The mode size simulation presented in
Section 3.1.3 is therefore adapted to simulate a simple linear ZGP OPO and to evaluate the
change in the signal mode diameter depending on the variation of different parameters. For the
simulation, the 20 mm long nonlinear crystal is modeled as a material with a constant refractive
index and the thermal lens is assumed to be a thin lens with focal length fy, positioned at one
third of the crystal. The influence of gain guiding effects on the resonator mode size is neglected.
Gain guiding effectively narrows the beam in the direction of the conversion due to a higher gain

level at the beam center, where the intensity is higher [196]. The cavity with a length L is built
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Figure 6.2: (a) Schematic depiction of the simulated plane-plane resonator. (b)-(d) Diameter of signal mode size in the
nonlinear crystal depending on (b) the absorbed pump power (thermal lens), (c) the resonator length, and
(d) the focal length of the negative lens.

by a planar IC and OC mirror. Additionally, a negative lens with a focal length f can be inserted.
The distance between the thermal lens and the IC and OC mirror is denoted with L1 and Lo,
respectively. This simple cavity is depicted in Figure 6.2(a). The focal length of the thermal
lens, the resonator length, and the focal length of the negative lens are varied one after the other
and the mode diameter of the signal mode in the crystal is simulated. Figure 6.2(b) shows the
mode size depending on the absorbed pump power for a 22 mm long resonator. With a larger
amount of absorbed pump power, the thermal focal length and the signal mode size decrease.
Due to the short resonator length, the minimum mode diameter is around 220 um. As typical
pump diameters are larger than 400 um to stay above the damage threshold of the nonlinear
crystal, the mode mismatch in such a short cavity directly becomes apparent. Additionally,
as the mode diameter decreases with an increasing pump power, a deterioration of the beam
propagation factor with higher pump and output powers is expected. Consequently, to improve
the beam propagation factor, the OPO mode diameter must be adapted to the pump diameter by
either increasing the resonator length (see Figure 6.2(c)) or by inserting a negative lens (see
Figure 6.2(d)). The resonator length can in principle be increased until the distance of one
of the resonator mirrors from the thermal lens is longer than the thermal focal length, as this

results in an unstable cavity. However, because there are CO5 absorption lines in the 3—-5 um
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range [94], increasing the resonator length might lead to a decrease in the stability of the OPO
output. When a negative lens is inserted in the resonator, this problem is mitigated because
the lens material fills the air gap. For short focal lengths of the negative lens, the OPO mode
size is large and it decreases for longer focal lengths. However, the range of focal lengths over
which the OPO mode changes is small, thus requiring a careful experimental optimization of
the negative lens.

In the following experiments, the focus is on investigating the beam propagation factor when
the pump power and resonator length are varied. In addition, the influence of different diverging
lenses on the beam propagation factor and output power is investigated.

6.3 Experimental Setup of ZGP OPO

The experimental setup is depicted in Figure 6.3. Due to its short pulses and high average power,
the laser described in Section 4.2.4 is used as a pump source. Its output power is attenuated
to 40 W by a TFP and a half-wave plate to stay below the damage thresholds of the subsequent
Faraday isolators, which are necessary to protect the pump source from back-reflections of
the OPO components. The isolators each consist of a commercially available Faraday rotator
and a TFP, and for an optimum isolation, two of them are used. A second variable attenuator
controls the pump power into the nonlinear crystal. The collimated pump beam is then shaped
by a Galilean telescope to different pump beam diameters in the nonlinear crystal. They are
chosen such that the typical damage threshold of the ZGP crystal, which is around 1-2J cm™2,
is not exceeded [197, 198]. Finally, a half-wave plate rotates the incident p- to s-polarization
to fulfill the phase matching condition. The OPO is doubly-resonant and built by an IC mirror,
the 6 mm x 6 mm x 20 mm nonlinear ZGP crystal cut to 55.5°, an optional diverging lens, and
a plane-parallel OC mirror (R < 1% at 2.09 um, R = 50 % at 3—-5 um). Two different IC
mirrors are used. For the optimization of pump parameters in Section 6.4.2, a plane-parallel
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Figure 6.3: Schematic setup of pump beam shaping and OPO.
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mirror (R < 5% at 1.85-2.2ym and R > 99.9 % at 3-5 um) is used. However, due to the
observation of detrimental thermal effects in this mirror, a plano-concave mirror (R < 0.2 % at
2.09 um and R > 98 % at 2.5-5 um) with a radius of curvature of 0.1 m is used in the subsequent
optimization of the resonator with the diverging lens in Section 6.4.3. The AR coated (AR for 2—
2.2 um and 3.5-4.8 um) ZGP crystal is water-cooled to 20 °C in a copper heat sink. To achieve
angular phase matching, a rotation of the crystal around its vertical axis is enabled. Three AR
coated diverging CaFs lenses with focal lengths of -0.1 m, -0.08 m, and -0.05 m are investigated.

The physical lengths of the investigated cavities are 22 mm and 33 mm.

6.4 Experimental Characterization

At first, the pump source is investigated with a focus on tuning the repetition rate in Section 6.4.1.
Then, optimum pump beam parameters are determined in Section 6.4.2. Finally, the influence of

an intracavity lens on the beam propagation factor is investigated in Section 6.4.3.

6.4.1 Characterization of Pump Source

The resonator presented in Section 4.2.4 has so far only been operated at 50 kHz. By tuning the
repetition rate, the pulse energy and pulse duration change. Thus, depending on the application,
a suitable repetition rate can be chosen. Figure 6.4(a) shows the pulse energy and the pulse
duration when the repetition rate is tuned from 25 kHz to 100 kHz in 5 kHz steps and the laser
is operated at a fixed pump power of 89 W. The pulse duration increases linearly from 20 ns
to 78 ns when increasing the repetition rate, and the pulse energy decreases from 2.2 mJ to
0.6 mJ and follows a hyperbolic curve. The temporal evolution of a Q-switched pulse at 25 kHz
repetition rate is shown in Figure 6.4(b). The pulse duration of 20 ns and the pulse energy of
2.2 m]J result in a pulse peak power of 108 kW. As in ZGP OPOs a pump threshold in the kW
regime has to be overcome prior to the conversion, it is favorable to work with high-peak-power
pulses. For pumping the OPO, the pump power is limited to an average power of 34 W due to
the damage thresholds of and losses at the optical isolators. This results in a maximum available
pulse energy of 1.36 mJ with a maximum pulse peak power of 68 kW.
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Figure 6.4: (a) Pulse energy and pulse duration depending on the repetition rate. (b) Temporal evolution of a Q-switched
pulse at a repetition rate of 25 kHz at a pump power of 89 W.

6.4.2 Characterization of ZGP OPO for
Different Pump Parameters

At first, the 22 mm long plane-parallel ZGP OPO cavity is investigated for different pump beam
characteristics. The output power is investigated for different pump repetition rates of 25 kHz,
35kHz, and 55 kHz. Besides that, different pump diameters of 400 um, 500 um, and 600 um
are investigated. In all experiments, the maximum pump fluence was limited to 1Jcm™ to stay
below the damage threshold of the nonlinear crystal. Thus, when both a low repetition rate and
a small pump diameter are used, the incident pump power is limited to fulfill this condition.
Therefore, the maximum available pump power can only be used in the combinations 25 kHz
and 600 um (black), 35 kHz and 500 pm (green), and 55 kHz and 400 pm (yellow). The resulting

output power curves (see Figure 6.5) are discussed from different perspectives:

1. Same fluence (black, green, and yellow data points):
Due to the longer pulse length at a higher repetition rate, the pump threshold increases
with an increasing repetition rate because the proportion of the pulse that is below the
conversion threshold is larger. All curves show a rollover at high pump powers, which
is most severe for the smallest pump diameter (yellow). This is not expected from the
theory on OPOs. The rollover might result from thermal effects in the IC mirror. When a

smaller pump diameter is used, this leads to a higher temperature when the same amount
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of pump light is absorbed. This could explain the strongest rollover in the configuration

with the smallest pump diameter.

Same repetition rate (black, red, and blue data points):

At the same repetition rate, the pump threshold fluence is reached at a lower pump power
when the beam diameter is smaller, which is confirmed by the experiments. In addition,
the slope efficiency should increase at a higher pump fluence, which is, however, not
observed in the experiments. Instead, a decreasing slope efficiency is measured with a
smaller pump diameter. This might again result from the stronger local heating of the

IC mirror.

Same pump diameter (blue, purple, and yellow data points):

Due to the higher pump energy at a lower repetition rate, the observed pump threshold is
lowest for the lowest repetition rate, which is in line with the expectations. Additionally,
among these configurations, the highest slope efficiency is reached with the lowest

repetition rate.

Overall, the highest slope efficiency of 46.6 % and the highest maximum output power of

10.7 W is measured in the configuration with a repetition rate of 25 kHz and a pump diameter
of 600 pum.
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Figure 6.5: Total OPO output power as a function of the pump power. The pump source is operated at different repetition

rates and focused to different pump diameters.
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Two conclusions can be drawn from these experiments. Due to the highest available pulse
energy, the pulse repetition rate is fixed at 25 kHz for the following experiments. Because of the
observed thermal effects in the IC mirror, a different mirror is used in the following experiment.

6.4.3 Characterization of ZGP OPO with Diverging Lens

To improve the beam quality of the OPO, a resonator including a diverging lens is investigated.
In contrast to the previous experiments, the IC mirror is plano-concave with a radius of cur-
vature of 0.1 m. As a consequence, the intrinsic resonator mode is further decreased, which
is unfavorable from a mode matching point of view. In addition, the 1/e? pump diameter is
aligned to 760 um to remain below the damage threshold of the IC mirror, thus limiting the
fluence to 0.6 J cm™ at the maximum pump power. Five OPO configurations are investigated: a
22 mm long cavity and a 33 mm long cavity without additional negative lens, and a 33 mm long
cavity with a —0.1 m, —0.08 m, and —0.05 m negative lens. Figure 6.6 shows the total signal and
idler output power depending on the Ho?*:YAG pump power for these configurations. The
22 mm long cavity (black) has the lowest pump threshold of 3.2 W and reaches a maximum
output of around 14 W. Increasing the resonator length to 33 mm (red) leads to an increase in the
pump threshold because the rise time of the OPO is increased as a consequence of the decreased
number of cavity round-trips. The maximum output power is around 14 W as well. When the
intracavity lenses are inserted one after the other, the pump threshold increases further, which is
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Figure 6.6: Total signal and idler output power depending on the pump power for different cavity configurations.

167



6 Nonlinear Conversion of 2.09 um Ho?*t:YAG Pulses

(a) (b) Idler

5 S5Fa T ' ' ]
= = ‘g = L =22mm
g g A e L =233mm
o 4k o 4. A A f=-01m 7
i i v {=-0.08m
g3 23t f=-0.05m ]
= 5t M? fit ,
EP Py /.
o 5 / P
g g . A
g1 51l e
an) an)

0 : L L 0 L L L

30 40 50 30 40 50
Position in cm Position in cm

Figure 6.7: Measurements of the beam propagation factor of the vertical beam axis for the different cavity configurations
for (a) the signal and (b) the idler light.

explained by the increasing OPO mode size, thus requiring a stronger refractive power of the
thermal lens to obtain the same OPO fluence. In the resonators with the —0.1 m lens (blue) and
the —0.08 m lens (green), a maximum output power of 13.4 W and 14.1 W is measured. Only the
—0.05 m lens (yellow) has a drastically lowered slope efficiency of 39 % and a lower maximum
output power of around 10 W as compared to the other configurations. This is attributed to an

increase in the intrinsic OPO mode that does not match the pump diameter.

Differences in the output beam are not only observed regarding the output power but also
regarding the beam propagation factor. Figure 6.7(a) and Figure 6.7(b) show the beam prop-
agation factor for all configurations measured at the maximum pump power of 34 W for the
signal and the idler beam, respectively. For the measurement, the signal and the idler beam
are separated by a dichroic filter. The beam propagation is only shown for the vertical beam
axis as an example. Due to the increase in the intrinsic mode size when the resonator length
is increased and when a negative lens is inserted, the mode overlap with the pump mode is
improved. Consequently, a smaller beam propagation factor is measured. This is valid for
both the signal and the idler beam. The deterioration of the beam propagation factor with
the —0.05 m lens is attributed to an increase of the intrinsic mode size exceeding that of the

pump beam.

Overall, the highest slope efficiency of 52.1 % and the best beam propagation factor are measured
in the resonator with the —0.08 m lens. Therefore, this cavity is looked into in more detail.

Figure 6.8(a) shows the output power and beam propagation factor of the signal beam for the
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Figure 6.8: (a) Total OPO output power and beam propagation factor of the signal beam depending on the pump power.
(b) Temporal pulse shape of the input pump pulse and the output OPO pulse.

horizontal (x) and vertical (y) beam axis depending on the pump power. A pump threshold of
6.2 W is determined, corresponding to a fluence of 0.11 Jcm™2. At the maximum pump power,
a conversion efficiency of 41.5 % is determined. A deterioration in the beam propagation factor
is observed with an increasing pump power, resulting from the increasing refractive power of
the thermal lens, which decreases the intrinsic OPO mode size. The beam propagation factors
in the horizontal and vertical beam axis are different, which is attributed to the astigmatic pump
beam. Figure 6.8(b) shows the temporal pulse profile of an exemplary input pump pulse and
the output OPO pulse. An OPO pulse energy of 0.56 mJ and a pulse duration of 17 ns are
measured. The shorter pulse duration compared to the input pulse duration results from the high
OPO threshold intensity that has to be overcome before the conversion starts. The RMS pulse
stability is measured to be 2.3 % for the OPO pulses, which is slightly larger than the pump
pulse stability of 1.3 %.

Figure 6.9(a) and Figure 6.9(b) show the beam propagation factors measured at the maximum
output power of 14.1 W for the signal and the idler beam, respectively. For the signal beam, a
beam propagation factor of 3.2/2.1 and for the idler beam, a beam propagation factor of 3.6/2.4
is measured in the horizontal/vertical beam direction, respectively. This is a significant improve-
ment to the beam propagation factors that were measured in the 22 mm long cavity (signal:
6.6/4.7, idler: 6.3/4.5 in the horizontal/vertical beam axis) and the 33 mm long cavity (signal:
5.6/3.7, idler: 6.0/4.4 in the horizontal/vertical beam axis) without additional lens. It proves the

working principle of the mode adaptation by using a negative lens.
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Figure 6.9: Measurements of the beam propagation factor for the maximum OPO output power for (a) the signal and
(b) the idler light in the configuration with the —0.08 m lens.

6.5 Discussion

Finally, the obtained results are discussed in relation to the existing literature with a focus on the
conversion efficiencies and the achieved beam quality. Typical conversion efficiencies for 2 ym
pumped linear ZGP OPOs are around 50-60 %. In 2000, Budni et al. presented a Ho?*:YAG-
pumped ZGP OPO with a maximum output power of 4.2 W, corresponding to 0.42 mJ of pulse
energy, with a conversion efficiency of 54 % [119]. In 2009, Elder et al. showed 12.6 W,
0.5 mJ MWIR pulses with 52 % conversion efficiency while the maximum pump fluence was
0.55J cm™2 [192]. With a higher pump fluence of around 2.3 J cm~2, Hemming et al. presented
24.2W of ZGP output power in a walk-off compensated geometry with 62 % conversion
efficiency [88]. With a pump fluence of 1.4Jcm™2, Medina et al. further showed 38 W of
average power with a conversion efficiency of 57 %, which is the maximum average power
obtained from a linear ZGP OPO to date [194]. In 2017, Wang et al. [199] used a similar pump
fluence in their experiments and demonstrated the highest conversion efficiency of 75.7 %. In
contrast to the other presented works, they operated the pump source in a low-repetition-rate
regime of 5 Hz with a maximum energy of 25 mJ, thus limiting thermal lensing in the ZGP
crystal due to the low average power. However, pumping the OPO at a high pump energy and
with a comparably large pump diameter came at the expense of a beam propagation factor around
10. In contrast to this, a lower conversion efficiency of 40 % was measured by Antipov et al.,
who pumped the OPO with a fluence of 0.4 J cm~2 and measured an output power of 10 W [200].

Considering these results, a high pump fluence plays a key role in generating a high conversion
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Figure 6.10: (a) Pump fluence over a Gaussian beam with a pulse energy of 1.36mJ focused to a beam ra-
dius of 300 um (red) and 380 um (blue) in comparison to the measured pump threshold fluence of
0.11Jem™2 (green). (b) Converted fraction of the Gaussian cross-section depending on the maximum
fluence and pump beam radius.

efficiency with an OPO [192]. Figure 6.10(a) illustrates this in more detail. It shows the pump
fluence at the maximum pump energy of 1.36 mJ over the cross-section of a Gaussian beam
focused to a 1/e? beam radius of 300 um (red curve) and 380 um (blue curve). The smaller
pump beam generates a maximum fluence of 1Jcm™, whereas the larger beam generates a
maximum fluence of 0.6 J cm2. From the experiments in Section 6.4.3, a threshold fluence of
0.11J cm2 was determined (green line). Only the part of the beam that is above the threshold
is converted. The conversion, depending on the maximum fluence and beam radius, is shown
in Figure 6.10(b). As a result, approximately 10 % more pump light is convertable when the
incident pump fluence is 1 J cm=2 compared to a fluence of 0.6 J cm=2. Thus, a higher conversion
efficiency than 41.5 % is expected from the OPO presented in Section 6.4.3 if a higher pump
fluence could be used. Then, the performance would reach similar conversion efficiencies as
obtained by other research groups. Besides the pump fluence, further factors influencing the
conversion efficiency are the following: Firstly, backconversion of the generated signal and idler
beam in OPOs with a high gain reduces the conversion efficiency, but it was not investigated in
the context of this work [201]. Secondly, short pump pulses limit the conversion efficiency due
to the finite pulse build-up time in the OPO [201]. However, as the pulse peak power was shown
to increase with a decreasing pulse length, the 20 ns pulse duration was accepted as a trade-off.
Thirdly, an improvement in the conversion efficiency could be achieved for a length-matched

laser and OPO resonator, which was also beyond the scope of this thesis [202].
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Concerning the deterioration of the beam propagation factor at elevated pump and output
powers, which many researchers have reported [88, 194], a solution to this issue is offered
in this thesis. The beam propagation factors shown by Elder et al. (M? ~ 2.7 at 12.6 W of
output power) [192], by Hemming et al. (M? = 3.1 at 24.2 W of output power) [88], or by
Medina et al. (M?2 ~ 2.2 at 38 W of output power) [194] were better than those measured in
this thesis for a simple linear OPO. Without the additional lens, a beam propagation factor of
around M? ~ 5 was determined at 14.1 W of output power in the 33 mm long cavity, which
is higher than in the other reported works. This is attributed to the large pump diameter used
in this work and the astigmatic pump beam, which complicates having planar phase fronts in
both beam axes. Furthermore, parasitic absorption in the ZGP crystal might influence the beam
propagation factor, as it decreases the resonator mode size. The parasitic absorption depends
on the crystal quality, thus it can vary between different crystals [203]. However, this was
not investigated further in this thesis, as a large variety of ZGP crystals was not available. In

addition, the backconversion of the pump beam deteriorates the beam quality [201].

However, this work proves that a beam quality improvement is possible by improving the mode
matching properties between the OPO mode and the pump mode by an additional negative lens
in the cavity. To compare the different OPO resonators regarding their total output power Popo

and beam propagation factor at the same time, the brightness [164]

Poro

= 1

is calculated. For a rough estimate, the wavelength of degeneracy A = 2, and the geometric
mean of the signal and idler M? value are used. Under these assumptions, brightness values
between 99—144 kW mm™2 sr™! were shown in the past [88, 119, 192, 194]. A summary of the
published data and the calculated brightness is given in Table 6.1'. The optimum resonator with
the —0.08 m lens has a brightness of 106 kW mm™ sr~!. From this point of view, it is comparable
to the OPOs presented by Medina et al. [194, 203] and Elder et al. [192].

The published data by Medina et al. indicate a remarkably high brightness of 460 kW mm=2 sr™! (see row 4 in
Table 6.1). However, when extracting the data from this publication and determining the beam propagation factor, a
significantly higher beam propagation factor results from our calculations (see italicized row 5 in Table 6.1). Thus, it
is believed that the high brightness value results from a calculation error in their published beam propagation factor.
With the corrected values, a brightness of 101 kW mm~2 sr™! results, which is also in line with results obtained by
other research groups.
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Table 6.1: Comparison of total OPO output power, beam propagation factors (published values), and calculated
brightness values for some literature publications and this work. If specified in the publication, the beam
propagation factor is included for both beam axes.

Reference  Year )\, Popo  M? M? B
innm inW signal idler in kVZV
mm- st
[119] 2000 2090 4.2 1.2 1.5 134
[192] 2009 2100 12,6 2.2/3.1 2.1/3.6 99
[88] 2013 2090 24.2 3.1 3.1 144

[194] 2021 2065 38 2223 21722 460
[194] 2021 2065 38  4.6/5.1 4.2/4.9 101t
This work 2024 2090 14.1 3.2/2.1 3.6/2.4 106

To conclude, the strategy presented in this thesis can be especially useful in lasers that are
operated in a high-energy regime, thus requiring large pump beam diameters due to the damage
threshold of the nonlinear crystal, which inevitably leads to a large mode mismatch between the
pump and the OPO modes.

6.6 Summary

To summarize, different OPO cavities were investigated concerning the optimum pump beam
parameters and the beam quality improvement by the insertion of an additional negative lens.
The pump beam was tuned to a repetition rate of 25 kHz leading to a minimum pulse duration of
20ns and 2.2 mJ pulse energy with a peak power of 108 kW before the optical isolators (1.36 mJ
pulses with 68 kW of peak power after the optical isolators). The insertion of a negative lens was
motivated by geometric mode size considerations similar to those presented for the Ho?*:YAG
resonator in Sections 3.1.3 and 4.2.7. As the thermal lensing of the ZGP crystal decreases the
mode size in the typically short OPO cavities to a beam diameter of around 220 pm, both an
increase in the resonator length as well as an insertion of a negative lens can increase the OPO
mode size, thus adapting it to the typically larger pump mode. In the experiments, the significant
improvement of the beam propagation factor for both an increase in the resonator length and
the insertion of a well-optimized negative lens was shown. By inserting a —0.08 m lens in the

cavity, the beam propagation factor was improved to 3.2/2.1 (3.6/2.4) for the signal (idler) beam
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in the horizontal/vertical beam axis, whereas a beam propagation factor of 6.6/4.7 (6.3/4.5) was
measured without the additional lens. To explain the low conversion efficiency compared to the
results obtained by other research groups, the pump fluence was compared for different pump
beam diameters and an increase in the conversion was calculated for a higher pump fluence due
to the proportion of the pump beam that is above the threshold fluence. In the optimized cavity,
a maximum OPO average output power of 14.1 W, corresponding to 0.56 mJ pulses with a peak

power of 36 kW, was measured.
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This thesis deals with the exploration and optimization of holmium-doped yttrium aluminum
garnet (Ho3*:YAG) resonators regarding their achievable output power with a near-diffraction-
limited beam quality as well as their mechanical stability. In addition, the application of a
Ho?*:YAG laser for pumping an optical parametric oscillator (OPO) is investigated with a focus

on improving the OPO resonator design to achieve an enhanced beam quality.

In preparation on the intended investigations, a simple ABCD matrix based simulation tool
for designing laser resonators is presented. Furthermore, detrimental thermal blooming effects
of the Tm>*-fiber laser pump source, which influence the performance of the Ho?>*:YAG
lasers, are qualitatively investigated. The following section summarizes the main findings of
this thesis.

Firstly, two approaches for the power scaling of Ho?>":YAG resonators are presented. The
first approach investigates the temperature management in the laser crystal by comparing a
homogeneously doped crystal with a crystal comprised of increasingly doped segments. Such a
segmented Ho?>*:YAG crystal is investigated in this thesis for the first time. It is intended to
create a more homogeneous pump light absorption resulting in a more homogeneous temperature
distribution, thus reducing thermal stresses and enabling power scaling. After the presentation of
a numerical approach to optimize the segment lengths and doping concentrations, the fabricated
segmented crystal is characterized confirming the successful implementation of the design
and the resulting smoothed longitudinal absorption when it is inspected with visible light. To
compare the homogeneously doped and the segmented crystal, a cavity is optimized with a focus
on achieving the maximum output power with a near-diffraction-limited beam quality. In this
cavity, an average output power of 57.6 W with a stable Q-switched operation is measured with

the homogeneously doped crystal, whereas the average output power of the segmented crystal
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is limited to 51.9 W. In both cases, a beam propagation factor of M? a 1.1 is determined.
To explore the outperformance of the homogeneously doped over the segmented crystal, both
crystals are investigated interferometrically during laser operation. For both crystals, the
maximum averaged longitudinal temperature as well as the focal length of the thermal lens
are in a similar region. With a homemade simulation [129], the longitudinal temperature
profile in the crystals is derived and it confirms the decreased maximum temperature for the
segmented crystal. Additionally, it clarifies the different effective positions of the thermal lens
inside the homogeneously doped and segmented crystal. Based on this, a resonator stability
theory explains the outperformance of the homogeneously doped over the segmented crystal
in the investigated resonator design. The discrepancy between prior literature results, which
have indicated a higher achievable output power with the segmented crystal, are explained
by the significantly higher peak temperatures in the crystals in those works. When an output
beam with a high beam quality is desired, a careful matching of pump and laser mode is
essential and this inevitably results in a limited output power. In combination with the excellent
thermo-optical properties of Ho?+:YAG, this limits the maximum temperature inside the laser
crystal, therefore the segmented crystal cannot exploit its advantages at currently available

pump powers.

Besides the temperature management in the laser crystal, the power scaling in a master oscillator
power amplifier (MOPA) system is investigated. This power scaling approach is especially
useful when a high beam quality is desired, as the beam quality is determined by the oscillator
and preserved by the amplifier. In contrast to the existing literature, the amplifier is investigated
with a focus on different pumping schemes and the optical gain properties. The maximum slope
efficiency of 69.9 % is measured in the pump scheme where pump and laser mode propagate
in the same direction, whereas the maximum average output power of 122 W is measured
in the dual-end-pumping scheme due to the design of the experiment. The optical gain is
investigated for varying pump and signal powers and a maximum gain of 2 is determined at the
maximum signal and pump power. The small-signal gain coefficient and the saturation power

are in qualitative agreement with the presented amplifier theory.

Secondly, the mechanical stability is investigated in Porro prism based resonator designs. This
thesis presents Porro resonators with the quasi-three-level laser material Ho>+:YAG for the first
time. As a Porro prism is retro-reflective in one axis over an angular range determined by total
internal reflection (TIR), two crossed Porro prisms stabilize the laser mode in both beam axes

when they replace the typical resonator end mirrors. This results in a robust and alignment-
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insensitive resonator. After exploring unique properties of these prisms theoretically, they are
characterized experimentally regarding their apex quality and polarization properties. For the
use in a laser resonator, a precise 90° apex angle as well as a maximum apex sharpness are
essential. Different Porro resonators including either one or two Porro prisms are investigated
regarding their power scaling, alignment stability, and pulse characteristics. A simple linear
cavity confirms the relevance of the apex sharpness, as an imperfect apex increases the cavity
losses, which directly translates into a drastically lowered slope efficiency, especially when
the mode size on the prisms is small. To decrease the losses, a telescopic resonator design is
suggested in which the laser is operated stable at an average power of 27.8 W, which, to the best
of our knowledge, is the highest average output power shown in a Porro prism based resonator.
Scaling the output power is further limited by fluctuations in the beam profile and output power,
which are attributed to thermal blooming effects of the pump beam. The telescopic resonator
shows a significantly increased alignment tolerance, which is up to a factor of 200 higher than
in the same resonator with mirrors as end reflectors. One drawback of the presented design
are the long pulse durations in the 100-200 ns range and the corresponding low pulse peak
powers, which do not allow using this laser as a pump source for OPOs. A solution to this
issue is offered by a more compact linear resonator built by a Porro crystal and a conventional
output coupling mirror, reaching shorter pulse durations around 55 ns, a pulse energy of 0.7 mJ,
and a pulse peak power of 12kW. The use of one Porro prism allows for a partially increased
alignment stability in this design. Finally, as in all presented lasers the thermally induced
birefringence leads to an astigmatic beam, a polarization flip cavity is presented, which is able
to reduce the astigmatism by exploiting the unique polarization properties of a zero phase shift

Porro prism.

Thirdly, a zinc germanium phosphide (ZGP) OPO is pumped by a Ho?*:YAG source to present
an application of Ho?>*:YAG lasers. The OPO resonator is examined primarily in terms of
improving the beam quality. Initially, considerations on the mode sizes in OPOs are presented
depending on the thermal lens of the nonlinear crystal, the resonator length, and the influence
of an additional negative lens. By tuning the pump source to a repetition rate of 25 kHz, 20 ns
pulses with 108 kW of peak power are generated, which is far above the threshold for the
nonlinear conversion. In the experiments, the influence of the resonator length and a diverging
lens in the cavity are systematically investigated regarding the achievable output power and
beam quality. In the optimum configuration including a —0.08 m lens, an average output power
of 14.1 W is achieved with a conversion efficiency of 41.5 % and an averaged beam propagation

factor of M2 =~ 2.8. Although other works in the literature have shown a higher output
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power and conversion efficiency, the novel approach of including a diverging lens in a linear
OPO cavity, which is presented in this thesis, significantly improves the beam quality due to an

improved mode matching of the pump and the OPO mode sizes.

From the investigations presented in this thesis, the following conclusions are drawn for the

future optimization of Ho?*:YAG lasers.

Power Scaling of Ho**:YAG Resonators

For the future power scaling of Ho?>*:YAG resonators, two cases are distinguished. For
applications that require a high output power but have no specific demands on the beam quality,
a segmented Ho?t:YAG crystal can pave the way for the power scaling, as it reduces the
maximum longitudinal temperature. However, exploiting the advantages of a segmented crystal
requires pump sources with a higher pump power than currently available. In addition to power
scaling, the segmented crystal can particularly be useful to optimally shape the resonator mode
due to the shifted effective position of the thermal lens in comparison with the homogeneously
doped crystal. For laser applications with high requirements regarding the beam quality, the
power scaling should be implemented with a MOPA system, as this decouples the beam quality,
which is determined by the oscillator, and the output power, which is controlled by the amplifier.
Because many of the MOPA systems published in the literature are space consuming, future

work should focus on designing more compact MOPA systems.

Mechanical Stability of Ho3*:YAG Resonators

Future investigations on mechanically stable Ho®>":YAG resonators can extend into the re-
search on Porro prism based resonators. However, the investigations in this thesis indicate
that this approach is more promising in an operation regime of lower output power to limit
thermal lensing and thermal blooming effects, thus allowing to avoid a telescopic resonator
design, which itself is intrinsically alignment sensitive. Overall, the operation of a Porro
prism based Ho3T:YAG resonator in a low-repetition-rate, high-pulse-energy regime should be

considered in detail.
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Nonlinear Conversion of 2.09 um Ho3*:YAG Pulses

Future work includes the optimization of ZGP OPOs regarding their output power and beam
quality to increase the brightness of the coherent source. In similarity to the power scaling
approach of Ho?*:YAG resonators, a MOPA system is a suitable approach to achieve both a
high beam quality and a high output power. This requires the systematic design of an OPO
resonator with an excellent beam quality, where the optimization approach presented in this
thesis should be included. In similarity to the power scaling of Ho**:YAG lasers, the power
scaling should then be implemented in an optical parametric amplifier. To achieve a maximum
output power, such a nonlinear conversion MOPA system should be combined with a Ho3*:YAG
MOPA system.
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List of Acronyms

AR
AOM
Cw
DFG
DR
EOM
FWHM
Ho’t:YAG
HR

IC
MEMS
MOPA
MWIR
ocC
OOCE
OPD
OPA
oPG
OPO
OSA

anti-reflective

acousto-optic modulator

continuous wave

difference frequency generation
doubly-resonant

electro-optic modulator

full width at half maximum
holmium-doped yttrium aluminum garnet
highly reflective

input coupling
micro-electromechanical system
master oscillator power amplifier
mid-wave infrared

output coupling

optical-to-optical conversion efficiency
optical path difference

optical parametric amplification
optical parametric generation

optical parametric oscillator

optical spectrum analyzer
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PBS polarizing beam splitter

PEM photoelectromagnetic

PPLN periodically poled lithium niobate
RMS root mean square

SR singly-resonant

TFP thin-film polarizer

TIR total internal reflection

YAG yttrium aluminum garnet

7GP zinc germanium phosphide

ZPS zero phase shift
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