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Zusammenfassung

Diese Arbeit beschäftigt sich mit der Realisierung von kompakten und multi-Watt
Femtosekunden-Superkontinuumquellen, welche auf Kombinationen von diodenge-
pumpten Laseroszillatoren und nichtlinearen Glasfasern basieren. Der Schwerpunkt
der Arbeit liegt auf der Entwicklung von direkt diodengepumpten sub-200 fs La-
seroszillatoren, die sich als Pumplaser für solche Fasern eignen. Der weitere Teil
beschreibt eine umfassende Studie der Eigenschaften von Superkontinua, welche bei
Pumpwellenlängen um 1 µm erzeugt werden.
Mikrostrukturierte Fasern, entweder gezogene Fasern (“tapered fibers”) oder pho-

tonische Kristallfasern (PCF), können schmalbandiges Laserlicht zu teilweise mehre-
ren Oktaven breiten Spektren konvertieren. Dabei können Effizienzen von über 50%
und Durchschnittsleistungen von mehreren Watt erreicht werden. Die Eigenschaften
solcher Spektren hängen stark von der Länge der Eingangspulse ab. Ein besonderes
Merkmal im Femtosekundenregime, welches durch eine Obergrenze von 200 fs für die
Eingangspulsbreite festgelegt werden kann, ist eine hohe spektrale Phasenkoheränz.
Der Haupteil dieser Arbeit beschreibt die Entwicklung von zwei diodengepupmten

sub-200 fs Laseroszillatoren. Einerseits die eines sehr kompkaten 20 MHz Yb:Glas
Lasers, andererseits die eines multi-Watt 44 MHz Yb:KGW Oszillators. Mit dem
letzteren Oszillator konnten wir, nach unseren Kenntnissen, die bisher höchste optisch-
zu-optische Effizienz eines diodengepumpten multi-Watt Lasers mit einer Pulsdauer
von 150-170 fs erzielen. Diese Fortschritte beruhen auf den Ergebnissen unserer For-
schung an Yb:KGW Streifenlasern und dem Einsatz von Breitstreifendiodenlasern.
Hierzu führten wir detaillierte experimentelle sowie numerische Untersuchungen der
thermischen Effekte in Yb:KGW Kristallstreifen durch, die durch Pumpen mit die-
sen Dioden entstehen. Im zweiten Teil dieser Arbeit wurden die Eigenschaften von
Superkontinua untersucht, die in gezogenen Fasern mit für Ytterbium-Lasern typi-
schen Wellenlängen um 1 µm erzeugt wurden. Während für das Intensitätsrauschen
und den Einfluss der Fasergeometrie auf die Spektren vergleichbare Ergebnisse wie
in früheren Arbeiten mit Ti:Saphir Lasern gefunden wurden, ließ sich bei Ytterbium-
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Lasern ein Unterschied beim Einfluss des Pulschirps auf die Spektren feststellen.



Abstract

This thesis deals with the realization of compact and multi-Watt femtosecond su-
percontinuum sources based on diode-pumped laser oscillators and highly nonlinear
glass fibers. The main aspect of this work focuses on the development of directly
diode-pumped sub-200 fs laser oscillators which are suitable as pump lasers for those
fibers. In addition, a comprehensive study of the properties of supercontinua gen-
erated with pump wavelengths around 1 µm is presented.
Micro-structured fibers, either tapered fibers or photonic crystal fibers (PCF), can

convert narrow band laser light into multiple octave broad spectra. Average powers
of several Watts and conversion efficiencies of more than 50% can be achieved. The
properties of those spectra depend strongly on the input pulse duration. A particular
feature of the femtosecond regime, which can be defined by an input pulse duration
shorter than 200 fs, is a high spectral phase coherence.
The main part part of this thesis describes the development of two diode-pumped

sub-200 fs laser oscillators. On one hand, a very compact 20 MHz Yb:glass laser, on
the other hand, a multi-Watt 44 MHz Yb:KGW oscillator. With the latter oscillator,
we demonstrated to our knowledge the highest optical-to-optical efficiency of a diode-
pumped multi-Watt laser with a pulse duration of 150-170 fs. These advances are
based on our study of Yb:KGW slab-oscillators pumped by broad-area laser diodes.
The thermal effects in the Yb:KGW crystal slabs pumped by high-power broad-
area diodes were investigated in detail experimentally as well as numerically. In the
second part of this work, we studied the properties of supercontinua generated in
tapered fibers with Ytterbium lasers with typical wavelengths around 1 µm. While
the intensity noise and the influence of the fiber geometry on the spectra were found
to be similar to former results achieved with Ti:sapphire lasers, a different influence
of a pulse pre-chirp on the spectra was observed for Ytterbium lasers.
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Chapter 1
Introduction

In 2000, Ranka et al. discovered the possibility of generating multiple octave broad
continuous spectra (or more precisely, broad and dense frequency combs) in air-
silica micro-structured fibers with nanojoule femtosecond laser pulses. The key point
was to provide anomalous dispersion around the pump wavelength which could be
done by tailoring the fiber geometry [1]. Such continuous and broad spectra, so
called supercontinua (SC), were known before and could be generated for example
by focusing high-energy laser pulses onto thin sapphire plates. Micro-structured
fibers have shown the possibility of increasing the average power of such spectra
tremendously. Only few months after the publication of Ranka et al., Birks and his
co-workers realized supercontinuum generation by pumping a 90 mm long tapered
fiber with nanojoule femtosecond laser pulses [2]. The involved optical processes
were similar in this case. Anomalous dispersion was achieved by drawing a piece
of common glass fiber down to diameters of a few microns. The wave-guiding in
such thin fibers is then due to reflections off the glass-air interface which changes
the fiber dispersion. While so-called photonic crystal fibers (PCF) used by Ranka et
al. can be manufactured very homogeneously over nearly arbitrary lengths, tapered
fibers have the advantage that the manufacturing does not require any complex or
expensive equipment.
Supercontinuum sources soon proved to be a versatile tool for numerous appli-

cations ranging from the use as broad tunable laser source for spectroscopy or mi-
croscopy to the generation of broadband frequency combs. Thus the research on
both kinds of micro-structured fibers attracted much attention. The physical back-
ground and the complex dynamics of supercontinuum generation in micro-structured
fibers was investigated theoretically [3, 4, 5] and experimentally, see for example
refs. [6, 7]. Today, the generation process of supercontinua in micro-structured
fibers is well understood. The dynamics can be described by a model based on a
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generalized nonlinear Schrödinger equation which is valid for different regimes of
laser pulse durations [3]. Differences between these regimes can be predicted. In
addition to supporting the theoretical background, many experiments also focused
on the realization of different supercontinuum sources, for instance with many dif-
ferent pump wavelengths [8, 6, 9, 10, 11], various pump pulse durations from nano-
to femtoseconds [6] or even with cw-light [12]. Furthermore, several approaches
were performed in order to increase the average power. Recent publications report
up to several tens of Watts of pump and output power [13, 14, 15].

In some cases, the technology of supercontinuum sources has reached a quite
mature and even industrially suitable level. For example, microchip laser based
nanosecond sources or fiber laser based picosecond sources capable of generating
average powers of up to 8 W are commercially available. However, there is still
a lack of high-power femtosecond systems due to the challenging task of provid-
ing a convenient pump source which generates high-power laser pulses shorter than
200 fs. Nonetheless, such femtosecond sources would provide some properties that
are beneficial for various experiments. One major difference to longer pulse regimes
is that the grade of spectral coherence between two successive laser pulses and
the stability of the phase relation between two different spectral components are
tremendously higher for short femtosecond pump pulses [3, 16]. Both factors greatly
increase for pulses shorter than 200 fs. Example applications which would benefit
from these properties are experiments aiming at temporally compressing such multi-
octave broad spectra or interferometric methods, for instance heterodyne coherent
anti-Stokes Raman spectroscopy (CARS) imaging [17]. In addition to the aforemen-
tioned supercontinuum properties, the use of femtosecond pulses also offers higher
peak powers and a higher temporal resolution than picosecond sources. This is use-
ful for multi-photon microscopy [18] or temporally resolved measurements, such as
pump and probe techniques for example [19].

Up to now, femtosecond supercontinuum sources have been restricted to physics
laboratories, could usually provide average powers of not more than a few hundred
milliwatts, and have required complex pump lasers. The aim of this work was to
provide concepts and solutions for compact, cost effective, and easy to use femtosec-
ond supercontinuum sources and to increase the average power of such sources. The
work presented here is split between two different areas of research. One part of
this thesis deals with the development of diode-pumped sub-200 fs laser oscillators
which are needed as pump sources. In the second part of this work, the properties
of supercontinua that can be obtained with the developed pump lasers were inves-
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tigated. The experimental results of both parts are presented in Chapters 6 and 7
of which each presents the development of a complete femtosecond supercontinuum
source. Chapter 6 describes an approach for realizing a very compact supercontin-
uum system by employing an Yb:glass laser and folding the oscillator footprint by
employing a Herriott-type multi-pass cell. In Chapter 7 we present experimental
results of a diode-pumped 5 W sub-200 fs laser oscillator. With this oscillator, fem-
tosecond supercontinua with average powers of up to 1.3 W can be obtained with
tapered fibers. Both realized supercontinuum systems are based on pumping micro-
structured fibers with Ytterbium lasers. The results of Chapters 6 and 7 also provide
a comprehensive study of properties relevant for practical applications such as noise
characteristics, polarization stability, and the influence of a pulse pre-compression
for pump wavelengths of Ytterbium lasers around 1 µm.
A major topic of this thesis is the study of diode-pumped high-power sub-200 fs

laser sources that can be utilized with micro-structured fibers. Thin-disk lasers
would be well suited for this purpose, however, the pulse duration with this class
of lasers seems to be limited to durations longer than 200 fs [20]. Another promis-
ing concept is the class of Ytterbium doped tungstate slab lasers [21, 22, 23]. In
Chapter 7 we present the results of our research on this class of lasers and show
that progress in simplicity and efficiency is possible by the use of recently available
high-power broad-area diodes [24, 25, 26] as well as by employing the Ng-cut orien-
tation of Yb:KGW. An important issue in the realization of this class of lasers are
the influences of thermal effects. We experimentally and numerically investigated
the thermal effects induced by broad-area diodes in a thin Yb:KGW crystal slab and
could find a crystal orientation for which these effects can be very well compensated
and a nearly diffraction limited laser beam can be obtained for pump powers of up to
18 W. A first realization is shown by the 5 W Yb:KGW oscillator. In Chapter 5, the
necessary numerical tools for the resonator design and for simulating the expected
thermal effects are presented.
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Chapter 2
Propagation of ultra-short laser pulses

The physics of the propagation of ultra-short laser pulses is of great importance for
both the design of femtosecond lasers as well as the description of supercontinuum
generation in micro-structured fibers.
Depending on the position along the beam waist, continuous-wave (cw) Gaussian

laser beams can approximately be considered either as a plane or as a spherical
electro-magnetic wave. Nonetheless, in both cases the propagation of a cw laser
beam is sufficiently well described in terms of linear optics. In contrast to that,
laser pulses need to be regarded as wave packets and nonlinear optical effects need
to be taken into account. In the context of the slowly varying field envelope approx-
imation (SVEA) [27], the electric field E(r, T ) of a laser pulsed propagating along
the z-direction can be expressed by

E(r, T ) = A(r, T ) · e−i(ω0·T−k(ω0)·z) + c.c., (2.1)

with the complex field amplitude A(r, T ), the global time T , the spatial coordinate
r, the carrier angular frequency ω0, and the wave vector k(ω0). Especially in regard
to mode-locking, the field amplitude A(r, T ) can be given in the time domain as a
superposition of longitudinal laser modes as

A(r, T ) =
∑
m

Em(r, T ) · e−i((ωm−ω0)T−(k(ωm)−k(ω0))z+Φm), (2.2)

where Em are the field amplitudes of the individual modes, ωm and k(ωm) are
the angular frequencies and wave vectors of each mode, respectively, and Φm are
phase offsets. Often the transversal spatial field distribution and the temporal en-
velope can be separated. In this case, only the propagation along the z-axis is
included and the complex amplitude is given by A(z, T ) which is related to A(r, T )
by A(r, T ) = F (x, y) · A(z, t), where F (x, y) describes a time-independent lateral
intensity distribution.
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Furthermore, the description of the field envelope can be simplified by expressing
Eq.2.2 in terms of a retarded time t as A(t, T ) or as A(z, t). The parameter t
describes a co-moving time frame with t being a retarded time with the zero position
always at the pulse center. It is related to the global time T by t = T − z/vg, where
vg is the group velocity. The amplitudes are normalized in such a way that the
instantaneous power can be derived by |A(z, t)|2 = P (z, t). In the description of
Eq. (2.1), all effects that change the shape of the field amplitude or the optical
spectrum can be described by their influence on the complex term A(z, t).

Such wave-packets possess two interesting properties that concern the propagation
in media, namely extremely high peak intensities and a broad optical spectrum. The
high intensities give rise to the excitation of nonlinear effects, whereas the broad
optical spectrum leads to dispersion of the wave-packets due to the wavelength-
dependence of the refractive index. The most-prominent nonlinear effect concerning
femtosecond lasers is the optical Kerr-effect. The Kerr-effect causes two phenomena,
self-phase modulation (SPM) and the formation of a Kerr-lens. Of course, also other
nonlinear effects can be excited. This is of particular importance for supercontinuum
generation, as discussed in Chapter 3. The following section deals with the effect
of SPM and dispersion of ultra-short laser pulses. The formation of a Kerr-lens is
treated in the section about resonator design for femtosecond lasers (Chapter 5.2).

2.1. Group velocity (GVD) and group delay dis-
persion (GDD)

As discussed above, the electric field of a laser pulse can be described by a product of
a slowly-varying envelope A(z, t) and field oscillations with a frequency ω0 (Eq.(2.1)).
However, the index of refraction of a medium is usually dependent on the frequency,
i.e. n = n(ω). Thus, the wave-vector k(ω) = n(ω) · k0 is also wavelength dependent
and varies for different spectral components ωm. This fact needs to be taken into
account for the temporal behavior of the envelope A(z, t). For example, if in a
certain medium red light propagates faster than blue light, the longer wavelength
components of a laser pulse will lead the pulse while the blue components will
trail behind. Such a laser pulse broadens temporally during the propagation in
such a medium. A mathematical description can be found by assuming the optical
bandwidth ∆ω of a laser pulse to be small compared to the center frequency ω0. In
this case, term with k(ωm) in Eq. 2.2 can be expressed by extending the wave-vector
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k(ω) in a Taylor-series around the center frequency ω0

k(ω) = k(ω0) + ∂k

∂ω

∣∣∣
ω0
· (ω − ω0) + 1

2
∂2k

∂ω2

∣∣∣
ω0
· (ω − ω0)2 + 1

6
∂3k

∂ω3

∣∣∣
ω0
· (ω − ω0)3 + · · ·

= k(ω0) + k1 · (ω − ω0) + k2 · (ω − ω0)2 + k3 · (ω − ω0)3 + · · · ,
(2.3)

with the length related material dispersion coefficients ki. The first three coefficients
k1, k2, and k3 are referred to as group delay (GD), group velocity dispersion (GVD),
and third-order dispersion (TOD). In order to describe the GVD of a whole bulk
element, one often uses the so-called group delay dispersion (GDD) which is the
product of the GVD and the propagation length in this medium.
To calculate the influence of the dispersion on the field envelope A(z, t), one can

regard Eq. (2.2) together with Eq. 2.3 in the Fourier space and derive a differen-
tial equation. Considering only dispersion up to the second order k2, the influence
of GVD on the pulse envelope can be expressed by the following differential equa-
tion [28]:

∂A(z, t)
∂z

= i · k2

2 ·
∂2A(z, t)
∂t2

. (2.4)

Eq. (2.4) can be solved analytically for certain envelopes, e.g. for Gaussian or
sech-shaped envelopes. For more complex envelopes or numerical simulations, a
numerical solution in the Fourier space is very convenient. Analytical solutions of
Eq. (2.4) show that the principal shape of a Gaussian or a sech-shaped pulse is
preserved. However, during propagation the pulse will broaden in time while the
field oscillations experience a frequency chirp.

2.2. Self-phase modulation (SPM)
Self-phase modulation is a third-order nonlinear optical effect that is due to the
intensity dependence of the index of refraction. This third-order effect can be con-
sidered as a certain kind of degenerate four-wave mixing which explains why new fre-
quency components can be generated [27]. A more intuitive description of SPM can
be given directly by regarding the intensity dependence of the refractive index. This
dependence is described by the nonlinear index n2 by the relation n(I) = n0 +n2 · I.
Laser pulses experience a different index of refraction for different positions along
their temporal envelope. This is also the case for different lateral positions in the
beam profile. However, both effects can be separated. The influence of the temporal
envelope leads to SPM, while the influence of the spatial beam profile induces the
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formation of a Kerr-lens. Regarding only the temporal pulse envelope, the tails of
a laser pulse will see a different index of refraction than the center of the pulse,
thus the laser pulse will accumulate a different phase along its envelope. Since the
frequency can be considered as the derivative of the phase, this effect can be inter-
preted as a change of the carrier frequency along the pulse envelope. Thus, SPM
does not influence the temporal shape of the pulse envelope, but changes the optical
spectrum by generating new frequency components. As in the description of the
influence of dispersion, the influence of SPM on the complex term A(z, T ) can also
be described by a differential equation [28]:

∂A(z, t)
∂z

= i · γ ·
∣∣∣A(z, t)

∣∣∣2A(z, t), (2.5)

with the SPM coefficient γ = n2(ω0)ω0
cAeff

and the effective mode-area in the medium
Aeff . The effect of SPM is the broadening and modulation of the optical spectrum.
However, the temporal (intensity) pulse envelope remains unchanged.

2.3. Optical solitons
For femtosecond lasers or pulse propagation in optical fibers, it would be beneficial to
suppress all distorting nonlinear effects and dispersion. Under certain circumstances,
the second order dispersion GVD can be compensated by simultaneously occurring
SPM. Usually, in the case of normal dispersion and with the photon energy far away
from the energy band-gap, both effects lead to a pulse chirp in the same way, with
a red-shifted leading tail and a blue-shifted trailing tail. However, in the presence
of anomalous dispersion with k2 < 0, both effects can cancel one another. The
dynamics of the pulse envelope A(z, t) in the presence of GVD and SPM can be
described by the following differential equation [28]:

i · ∂A(z, t)
∂z

= −k2

2
∂2A

∂t2
+ γ

∣∣∣A∣∣∣2A. (2.6)

Due to the technical similarity of Eq. (2.6) to the Schrödinger equation in quantum
mechanics, this equation is called nonlinear Schrödinger equation (NLSE). One can
find analytical solutions to this equation, which are so-called optical solitons. In
general one can find solutions of different order N . The fundamental solution with
N = 1 is a pulse with a time-invariant sech-shaped field envelope [28]:

A(z, t) = A0 · sech
( t
τ

)
e−iγA

2
0z. (2.7)
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Here, A0 is the normalized field amplitude, γ is the SPM coefficient, and τ determines
the duration of the pulse. The parameter τ is related to the FWHM pulse width by
τFWHM = 1.76 · τ . In addition to the fundamental soliton, there also exist solutions
to Eq. (2.6) with an order of N > 1. Such solutions are called higher order solitons
and play an important role in the supercontinuum generation with femtosecond
pulses. These higher order solitons do not posses a time-invariant envelope, but
repeat the shape of their envelope periodically after a certain propagation distance.
In order to represent a solution to Eq. (2.6), the energy of a laser pulse EP = 2 ·A0 ·τ
must be of a certain value. In general for a soliton of the order N , the following
condition needs to be fulfilled [28]:

N2 = γA2
0τ

2

|k2|
, N ∈ N. (2.8)

If the pulse energy cannot fulfill Eq. (2.8) exactly, a soliton of the next possible
order will form, while the remaining surplus energy will form a dispersive pulse
which broadens temporally during propagation. If the dispersive medium is long,
for example in a glass fiber, the dispersive fraction will finally fade out and only a
soliton of a certain number N remains.
Eq. (2.6) and its solutions were derived for continuous conditions with SPM and

GVD appearing simultaneously. This situation is well fulfilled in glass fibers for
example. However, in laser resonators the different effects will appear in discrete,
lumped elements. For instance, SPM in the gain medium and GDD due to reflections
off of the dispersive mirrors. One can show that in this case similar solutions exist
as for the continuous case. The fundamental soliton will also have a sech-shaped
field envelope (i.e. a sech2-shaped intensity envelope). However, the envelope is not
invariant at every position in the laser resonator. Therefore, it is possible that laser
pulses that are emitted from a laser oscillator are not transform-limited but slightly
chirped.
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Chapter 3
Generation of femtosecond super-
continua

A very convenient and stable method to generate supercontinua with high average
powers can be realized by propagating narrow line-width laser light through micro-
structured fibers. The fiber could either be a photonic crystal fiber (PCF) [1, 29] or a
tapered fiber [2, 8, 7]. In the femtosecond regime, propagation lengths of only a few
cm in these fibers are necessary to convert a narrow laser spectrum to a multiple
octave broad supercontinuum [3]. Since the physical effects causing this spectral
broadening are similar in PCF and tapered fibers, the following discussion focuses
on femtosecond supercontinuum generation in tapered fibers.
Tapered fibers can be drawn from short pieces of regular SMF28 glass fiber in a

home-built drawing machine. The structure of a tapered fiber, schematically shown
in Fig. 3.1, consists of three parts: two pig-tails of regular SMF28 fiber, the taper
region, and the thin waist region. The diameter of the waist region is only a few

125 µm
8.2 µm

waist diameter
D = 1-4 µm

waist length
L = 6-9 cm

Figure 3.1.: Schematic structure of a tapered fiber. The thin waist region with diameters
in the range between 1-4 µm and lengths around 6-9 cm is connected with
SMF28 fiber pig-tails by the tapered regions.
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Figure 3.2.: a) Wavelength dependence of the GVD in tapered SMF28 fibers. The waist
region is surrounded by air and the waist diameters are (1) 1 µm, (2) 1.5 µm,
(3) 2 µm, (4) 2.5 µm and (5) 3 µm [30]. b) Calculation of the phase differ-
ence between a fundamental soliton at the wavelength λS and the dispersive
wave for a tapered fiber with a diameter of 2.2 µm and an input power of
100 mW [31].

µm and ranges between 1-5 µm for practical applications. In the waist region, the
light is no longer guided by the core-cladding interface, but the core is negligibly
thin thus that the light is guided by the glass-air interface. The length of the
waist region is restricted by the manufacturing process. With our manufacturing
setup, waist lengths of up to 30 cm can be achieved. However, in the femtosecond
regime, waist lengths of 6-9 cm are sufficient. During the manufacturing process,
the glass of the fiber is softened by heating it with a burner. Then the fiber is
drawn apart and elongated slowly at a constant speed. After a certain elongation,
the burner is simultaneously moved in such a way that the heating zone is enlarged
while the fiber is further elongated. The shape of the taper transitions as well
as the waist diameter and length can be reproducibly adjusted by controlling the
movement of the burner [33]. In this work, we chose a linearly increasing heating
zone resulting in taper transitions with a diameter that is proportional to D(z) ∝
D0(1 + 2

L0
α

1−α · z)−1/2α, where L0 is the initial width of the heating zone, e.g. the
width of a flame. The parameter α determines the shape of the taper transition. It
can be chosen arbitrarily between -1· · ·+1 [33]. In this work, we chose α = 0.8 for
all manufactured tapered fibers. Over the waist region, an approximately constant
diameter is achieved.

Tapered fibers possess two properties that cause the broadening of narrow line-
width laser light into supercontinua. On one hand, due to the extremely small waist
diameters, the light is concentrated onto a small mode area over a long propagation
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a) b)

Figure 3.3.: a) Simulation of the temporal dynamics of the optical spectrum. b) Simulation
of the dynamics of the pulse envelope. Both calculations were performed for
a laser pulse with a duration of 50 fs for the propagation over a distance of
15 cm in a PCF [32].

length in a nonlinear material. This supports the excitation of nonlinear optical
processes. On the other hand, and of greater importance, the GVD of these fibers
can be tailored by tapering them, changing the diameter, and guiding the light by
a glass-air interface. Fig. 3.2 (a) shows the wavelength-dependent GVD of tapered
fibers with different waist diameters. The GVD in this diagram is not given in
the unit fs2/m as it is common in the field of ultra-fast lasers, but in the unit
ps/km/nm as it is widely used in telecommunication applications. Both descriptions
can be transferred into each other by the relation k2(fs2/m) = - λ2

2πc · k2(ps/nm/km).
For supercontinuum generation it is essential that light at the pump wavelength
experiences anomalous dispersion. Solitons that form at common intensities are
usually of orders N > 1. The dynamics of these higher order solitons play an
important role for supercontinuum generation.

An understanding of the physical processes of supercontinuum generation, and
the quite complex interaction between them, was gained by experiments as well as
numerical simulations of supercontinuum generation [3, 6, 4]. A, therefore, necessary
mathematical description of pulse propagation in tapered fibers and PCF was found
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Figure 3.4.: Measured spectra of supercontinua generated for different conditions: a) At
a constant output power of approximately 1.2 W, but for two different fibers
with waist diameters of 3.8 µm (black line) and 5 µm (gray line), respectively.
b) Supercontinua generated in the same tapered fiber with 2.7 µm waist di-
ameter, but for different output powers. The red lines indicate the position
of the pump wavelength. (A: peak of the dispersive wave, B and C: peaks of
red-shifted solitons, D: spectral gap, filled by four-wave mixing, e.g. XPM)

by extending Eq. (2.6) to a generalized NLSE (GNLSE) [3]

∂A

∂z
= −α2A+

∑
k≥2

ik+1

k! βk
∂kA

∂tk
+ iγ

(
1+ iτshock

∂

∂t

)
·
(
A
∫ +∞

−∞
R(t′)×|A(z, t− t′)|2dt′

)
,

(3.1)
where α is the absorption coefficient, the term with βk describes the higher or-
der dispersion, and γ is the SPM-coefficient. The second term describes the ef-
fect of SPM and the effect of self-steepening with the parameter τshock = 1/ω0.
Furthermore, Raman scattering is considered by the electronic response function
R(t) = (1 − fR)δ(t) + fRh(t). A typical value for the parameter fR is 0.18 [3].
Eq. (3.1) is usually solved numerically by the split-step Fourier method [28]. In the
following, a qualitative description of the dynamics of supercontinuum generation
in the femtosecond regime based on ref. [3] is given. The temporal dynamics of
the optical spectrum and the pulse envelope are visualized for the propagation of a
pulse with a duration of 50 fs along 15 cm of PCF (Fig. 3.3). In the femtosecond
regime, supercontinuum generation is dominated by soliton dynamics. This is in
contrast to supercontinuum generation with longer pulses where Raman scattering,
four-wave-mixing, and modulation instabilities play the most important role. At
the initial stage of supercontinuum generation, that is approximately during prop-
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agation over the first 0.5 cm, a strong symmetrical broadening of the spectrum as
well as a temporal compression happens due to SPM. Finally a usually higher order
soliton is formed. After approximately 1 cm of propagation along the waist region,
the spectral broadening becomes asymmetric with distinct peaks on the short- and
the long-wavelength side. These peaks are caused by the fission of the higher order
soliton. This can be caused by Raman scattering or by perturbations due to higher
order dispersion. Which effect dominates is dependent on the input pulse width.
For pulses with τ > 200 fs, Raman scattering is the main reason; for pulses with
τ < 50 fs, nearly only higher-order dispersion causes the fission. For pulse-widths in
between, the contributions are approximately equal. The higher-order soliton breaks
up into several fundamental solitons, or solitons of lower orders. Hereby the solitons
experience a red-shift, the so-called soliton self-frequency shift [5, 4]. Simultane-
ously, narrow-band blue-shifted light is emitted at the normal GVD regime (dis-
persive wave). The exact wavelength of this dispersive wave is determined by a
phase-matching condition [3]

ωdw
vg,s
− ωs
vg,s

= β(ωdw)− β(ωs)− (1− fR) · γ · Ps, (3.2)

where ωdw and ωs are the frequencies of the dispersive wave and the soliton, re-
spectively. β(ωdw) and β(ωs) are the propagation constants and vg,s is the group
velocity at the soliton wavelength. Fig. 3.2 b) shows a calculation of the phase dif-
ference between a fundamental soliton and the dispersive wave for a tapered fiber
with a diameter of 2.2 µm and an input power of 100 mW [31]. One recognizes that
for longer soliton wavelengths (here at 950 nm) the phase-matching condition leads
to shorter dispersive wavelengths. This means that the greater the difference be-
tween the pump wavelength to the zero-dispersion wavelength (see Fig. 3.2 (a)), the
further blue-shifted is the non-solitonic peak. The break-up into individual pulses
can also be seen on the pulse envelope (Fig. 3.3 a)). While propagating along the
waist region, the fundamental solitons undergo a further red-shift due to Raman-
scattering which broadens the spectrum at the long-wavelength side [5]. However,
after the fission of higher-order solitons, nearly no further broadening on the blue-
side of the spectrum appears. Furthermore, over the whole waist region, different
frequency components can mix by four-wave-mixing processes. For example, the
dispersive wave and fundamental solitons can mix with each other by cross-phase
modulation (XPM).
In Fig. 3.4 different measured spectra of supercontinua are shown. Fig. 3.4 a)

shows spectra that were obtained with two different fibers with a waist diameter



16 Chapter 3: Generation of femtosecond supercontinua

of 3.8 µm (black line) and 5 µm (gray line), respectively. The red line indicates
the position of the pump wavelength. The output power was held constant at
approximately 1.2 W in each case. In this case, one can clearly see that the fiber with
the thinner diameter generates a peak of the dispersive wave at shorter wavelengths
than the thicker fiber. The position of the dispersive wave peak is indicated by the
marker (A). While the position of the dispersive wave depends on the waist diameter,
the red-wavelength side of both spectra in Fig. 3.4 a) are equally broad (B). Also the
peaks of the red-shifted solitons are visible as marked by (B) and (C). Furthermore,
the gap between the peak of the dispersive wave and the broad infrared part can be
noticed (D). The infrared part spans approximately from the pump wavelength to
the red-wavelength side of the spectrum. In order to additionally demonstrate the
influence of the pump power, Fig. 3.4 b) shows three spectra that were measured
with the same fiber with a diameter of 2.7 µm, but for different pump powers,
resulting in different output powers. Here, one can see that the red-wavelength
side broadens to a greater degree with increasing input powers but the position of
the dispersive wave peak remains approximately constant. Even if the position of
the dispersive wave peak does not change, the peak becomes more pronounced for
higher powers. For the highest output power of 290 mW (black curve), one can even
recognize a second blue-shifted peak emerging next to the dispersive wave peak.
This might be due to the fact that with higher pump powers the order of the initial
soliton increased. During fission of this increased order, a soliton was generated that
further red-shifted due to the soliton-self-frequency shift than in the cases of a lower
pump power. Therefore, according to the phase-matching condition Eq. (3.2), an
additional further blue-shifted peak could be generated.
The mechanisms of supercontinuum generation are different for input pulses in

the femtosecond regime and for longer pulse durations. Since incoherent Raman
scattering plays a less important role in the femtosecond regime, the phase relation-
ship between spectral components as well as the coherence of successive pulses is
preserved [3, 16]. Furthermore, the decoherence due to input noise turned out to
be less strong the shorter the duration of the input pulses [3]. This is important,
for example, if spectrally filtered sections of supercontinuua need to be temporally
compressed before being applied in an experiment.



Chapter 4
Solitary mode-locked laser oscilla-
tors

A laser oscillator can be operated in three principal operating regimes. In the
continuous wave (cw) regime, the field envelope A(t) is constant, whereas in the
other two regimes, Q-switching and mode-locking, the field envelope is modulated
and the laser output power is emitted in short pulses. The time span between
two successive pulses can be huge compared to the pulse duration. In addition
to operation in one of these ideal regimes, a laser oscillator can also operate in a
combination of different regimes. For instance, a mode-locked pulse train can be
combined with a cw background, or a laser can operate in the Q-switched mode-
locking regime where the pulse train with short mode-locked pulses is additionally
modulated with giant pulses due to Q-switching. In this Q-switched mode-locked
regime, a laser oscillator does not emit a pulse train of identical pulses, but successive
pulses vary in amplitude. Ideal mode-locking with a pulse train of identical laser
pulses and no background is also referred to as cw mode-locking.
The physical reasons which force a laser to operate in the Q-switching or in the

mode-locked regime are completely different. While Q-switching is induced by an
amplification of relaxation oscillation peaks due to a modulation of the resonator
quality, hence the name, in the mode-locked regime the laser pulses are formed by
the superposition of many longitudinal modes with fixed phase relationship between
them.
In this work, we decided to focus on laser oscillators operating in a regime called

solitary mode-locking [34, 35]. Part of the mode-locking mechanism hereby is a
semiconductor saturable absorber mirror (SESAM) [36, 37, 38, 39, 40]. The regime
of solitary mode-locking is particularly suitable for the purpose of femtosecond su-
percontinuum generation because such laser oscillators can be operated in a very
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stable condition, which is in contrast to Kerr-lens mode-locked lasers for example.
Furthermore, such laser oscillators can be self-starting, i.e. no external disturbance
is necessary to initiate mode-locking. The mode-locking mechanism in this regime is
an interaction between a slow saturable absorber, the SESAM, and pulse shaping by
soliton formation. Since the absorber relaxation times of SESAMs, which are typi-
cally on the order of a few ten ps, are long compared to pulse durations of less than
200 fs, a SESAM can only initiate and stabilize mode-locking. The pulse formation
in the solitary mode-locked regime is achieved by the formation of optical solitons
due to insertion of anomalous GDD into the laser resonator. However, since the
mode-locking driving force is provided by the SESAM, the laser resonator can be
designed to operate in the middle of a stability regime such that the resonator prop-
erties are similar for cw and pulsed operation. One challenge in the design of laser
resonators for solitary mode-locked lasers is the use of a slow saturable absorber.
Besides stabilizing the mode-locked operation, the introduction of such a slow sat-
urable absorber can also introduce a tendency to Q-switching. Therefore, in order to
find an operating regime where the mode-locking driving force is sufficiently strong
but simultaneously Q-switching is suppressed, it is important to determine a suit-
able set of laser parameters. Therefore necessary tools can be derived by regarding
the dynamics of laser oscillators.

4.1. Dynamics of mode-locked laser oscillators

4.1.1. Laser rate equations and master equation of mode
locking

In the following, a description of the dynamics of mode-locked laser oscillators is
presented. Based on this model, the necessary design parameters for mode-locked
lasers can be derived. The model is mostly based on the theory developed by H.A.
Haus [41], and extended with regard to passive solitary mode-locking with saturable
absorbers by Kärtner et al. [37] and Hönninger et al. [42].

A very practical model to describe the dynamics of a mode-locked laser can be
found by considering the (resonator internal) average laser power P (T ), the gain
per one resonator round-trip g(T ), the time-dependent losses q(T, t), and the exact
shape of the pulse envelope A(T, t). Here, as in the description of pulse propagation
with the NLSE (Eq. 2.6), the parameter T is the global time, whereas t is the
retarded time with respect to the peak of the laser pulse in the resonator. Time-
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dependent power losses q(T, t) are necessary in order to provide a state in which
mode-locked operation is energetically favorable compared to cw operation. This
can experimentally be achieved by various active or passive methods. Examples for
a passive methods are saturable absorbers which bleach at high peak intensities.
Therefore intensities during pulsed operation can bleach such an absorber while it
absorbs at cw operation. Another method would be to design a laser resonator
in such a way, that the laser mode and pump mode overlap is better when the
Kerr-lens is sufficiently strong. The three variables P (T ), g(T ), and q(T, t) can
be described by laser rate equations. The time-dependent envelope A(T, t) can be
modeled by a combination of the NLSE for pulse propagation (Eq. 2.6) and the
laser rate equations. The latter step leads to the master equation of mode-locking
as developed by H.A. Haus [41]. The average power P and the pulse envelope A(t)
are related to each other by the energy per one pulse EP , as well as the time for one
resonator round-trip TR. The pulse energy can either be expressed by EP = P · TR
or by EP =

∫
|A(t)|2dt. Here, A(t) needs to be normalized with respect to the time-

dependent power, i.e. |A(t)|2 = P (t). The rate equations for the particular case
with q(t) realized by a saturable absorber can be written as follows [42]:

dP

dT
= g − l − q

TR
· P, (4.1)

dg

dT
= g − g0

τL
− P

Esat,L
· g, (4.2)

dq

dT
= q − q0

τA
− P

Esat,A
· q, (4.3)

where l are the unsaturable intensity losses per round-trip, τL and τA are the upper
state lifetimes of the gain medium and the saturable absorber, respectively, q0 is
the saturable but non-saturated loss of the absorber, g0 is the small-signal gain
which is proportional to the emission cross section as well as to the pump power,
Esat,L = hν/(mσL)Aeff,L is the saturation energy of the gain medium, and Esat,A
= Fsat,AAeff,L is the saturation energy of the saturable absorber. Aeff,L and Aeff,A
are the effective mode areas in the gain medium and on the saturable absorber,
respectively, m determines the number of passes through the gain medium, σL is
the corresponding emission cross-section, and ν is the laser frequency. The effective
mode areas Aeff are given by Aeff = πw2 with the 1/e2 Gaussian beam radius w.
The model given in Eq. (4.3) is valid for saturable absorbers, for example doped
crystals or SESAMs. The pulse envelope A(T, t) can described by an extension of
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the NLSE (Eq. 2.6), the so-called master-equation of mode-locking [41, 37]:

TR
∂

∂T
A(T, t) =

(
g(T )− l+Dg,f

∂2

∂t2
+ i

k2

2
∂2

∂t2
− q(T, t)− iδ|A(T, t)|2

)
A(T, t). (4.4)

The term with the constant Dg,f = 1/Ω2
g + 1/Ω2

f takes the gain and filter losses
due to the broad optical spectrum into account. Ωg and Ωf are the FWHM gain
and filter bandwidth of the gain medium and other wavelength filtering elements,
respectively. δ = γ · L = ω0·n2

c·Aeff,L
L is a modified SPM coefficient. L is the total

propagation length inside the gain medium (or the medium in which SPM appears)
per one round-trip and TR is the time of one resonator round-trip.

4.1.2. Suppression of Q-switching

When a slow absorber is inserted into a laser oscillator, the formation of giant
pulses can appear because of Q-switching. This happens if the absorber is not
sufficiently saturated and thus peaks in the relaxation oscillations of the laser power
can be amplified. Therefore, in order to achieve pure cw mode-locking, one needs
to find a regime in which instabilities due to Q-switching are suppressed. Such a
criterion was derived by Hönninger et al. [42] by a stability analysis of the linearized
rate Eqs. (4.3) for the particular case of using SESAMs as saturable absorbers.
According to this criterion, Q-switching is suppressed if the saturable reflectivity
change ∆R (modulation depth) of the employed SESAM is kept below a certain
limit:

∆R <
EP

Fsat,AAeff,A

(
TR
τL

+ EP
Esat,L

)
. (4.5)

4.1.3. Initiation and self-starting of mode-locking with sat-
urable absorbers

If pure cw mode-locking should be initiated by a SESAM and Q-switching needs
to be suppressed, the modulation depth ∆R must be kept lower than the limit of
Eq. (4.5). Even in cases where the modulation depth is chosen sufficiently low to
suppress Q-switching, it can still be high enough to excite several longitudinal modes
and lead to mode-locking. A criteria for a saturable but non-saturated absorption
q0 that is high enough to initiate mode-locking was derived by Kärtner et al. by
calculating the build-up time Tmod for two neighboring modes [37]. Mode-locking
is possible if the build up time Tmod is positive. Hence, if the following relation is
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fulfilled:

1
Tmod

=
(

q0

(1 + P/PA)2 + (2πmTA)2
P

PA
− 2g0

(1 + P/PL)2 + (2πmTL)2
P

PL

)∣∣∣∣
cw
> 0,

(4.6)
with the average laser power P , the saturable but non-saturated absorption q0, the
small-signal gain g0, the cavity mode m times 2π/TR away from the center mode,
the upper state life-times TL and TA of the gain medium and the saturable absorber,
normalized to the round-trip time TR, and the saturation power PL and PA of the
gain medium and the absorber, respectively.
In the experiment, this condition is hard to determine because the gain profile

and number of modes needs to be known exactly. Therefore, it is more realizable to
empirically choose the lowest possible saturable absorption for which mode-locking
with the intended pulse width can still be initiated. Using the lowest possible mod-
ulation depth is beneficial because the non-saturable losses increase with higher
saturable absorption, for example due to increased two-photon absorption in the
thicker quantum wells [43].

4.2. Solitary mode-locking with semiconductor sat-
urable absorber mirrors (SESAMs)

Gain media that are very efficient often possess long upper state lifetimes. Therefore
only low modulation depths can be used to achieve pure cw mode-locking. This is
the reason why such solid state lasers could be efficiently cw mode-locked for the
first time by employing semiconductor based saturable absorbers (SESAMs) [40].
Before the realization of SESAMs, commonly used slow saturable absorbers showed
too high modulation depths and cw mode-locking could only be achieved by fast
absorbers, for instance with Kerr-lens mode-locking. Today, usually anti-resonant
low-finesse SESAMs are used for femtosecond lasers with medium average powers
of a few Watts [38]. Such a low-finesse A-FPSA SESAM consists of a sandwich
of a highly reflective bottom Bragg reflector, one or several quantum-well absorber
layers, spacer layers, and a partially reflective top Bragg reflector.
Fig. 4.1 shows a SESAM structure for an operating wavelength of ∼1 µm. The

bottom reflector and the absorber layers are realized as semiconductor Bragg reflec-
tors. For instance for a laser wavelength around 1 µm the Bragg reflector consists of
GaAs and AlAs quarter wave layers. The absorber layer is realized by thin InGaAs
layers and spacer layers are employed to achieve anti-resonance in the quantum
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Figure 4.1.: Structure of a low-finesse anti-resonant SESAM for an operating wavelength
around λL ≈1 µm according to Refs. [38, 44].

wells. The top reflector can either be a partially reflective Bragg reflector of di-
electrics such as SiO2, TiO2, or AlO2 quarter wave layers, or employ the Fresnel
reflection between air and the semiconductor or a SiO2 protection layer. SESAMs
are usually designed in such a way as to achieve an anti-resonant field in the absorber
layer which leads to a broadband operating regime. Furthermore, low modulation
depths can be achieved by this way. The saturation fluence Fsat,A is determined
by the reflectivity of the top layer, as well as the properties of the absorber layers.
For increasing laser power, the heat load deposited in low-finesse SESAMs due to
non-saturable losses also increases. In this case, high-finesse SESAMs with nearly
highly reflective top mirrors might provide a suitable alternative.
One difficulty when using SESAMs to achieve femtosecond laser pulses is that

the recovery time of the absorber is much longer than the width of the generated
laser pulses. Even though the recovery times can be reduced to only 3-10 ps by
sophisticated fabrication techniques [37, 45, 46, 47], such SESAMs cannot form
laser pulses shorter than the recovery time. In this case, one needs to employ the
possibility of solitary mode-locking [34, 35, 45]. If femtosecond laser pulses should
be generated in this regime, the SESAM only initiates and stabilizes mode-locking,
however, the laser pulses are formed by the interaction between SPM and GVD.
Only such pulses which fulfill the condition for a fundamental soliton can propagate
many times in the laser resonator without losses. All other pulses experience a
spectral broadening which reduces the gain. Furthermore, these pulses temporally
broaden until they form a vanishing background. Usually the intra-cavity GDD
per round-trip must be adjusted to support a given pulse width at a certain laser
power [35]:

|D2| =
τFWHM · δ · EP

4 · 1.76 , (4.7)
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where D2 is the intra-cavity GDD per one round-trip, τFWHM is the FWHM pulse
widht of the solitons, δ is the modified SPM coefficient δ = γ · L = ω0·n2

c·Aeff,L
· L, and

EP is the pulse energy which is related to the average power P and round-trip time
TR by EP = P · TR.

4.3. Pulse break-up and the B-integral
Especially for high laser powers and long propagation lengths in the gain medium,
as in slab lasers, the nonlinear effects due to SPM and self-focusing can become
too strong and no fundamental soliton can evolve anymore. A limit for maximum
nonlinear effects can be given in terms of the so-called B-integral [48]

B = 2π
λ

∫ L

0
n2(z) · I(z)dz, (4.8)

where n2 is the nonlinear index, and L is the total resonator length and the term
I(z) denotes the laser intensity I(z) = |A(z)|2

Aeff,L
. Usually, n2 is only non-zero in the

gain medium. A general criterion for high-power lasers states that the B-integral
must be kept below B ≤3-5 to avoid distortions due to SPM or self-focusing [48].
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Chapter 5
Resonator design for diode-pumped
femtosecond slab lasers

5.1. Numerical model of the thermal effects in lon-
gitudinally diode-pumped gain media

Longitudinal diode-pumping of laser gain media usually results in a highly non-
uniform temperature distribution. On one hand, the heat that is generated by the
absorption of pump light is due to the quantum defect. On the other hand, it can
be generated by non-radiative decay processes or other effects, for instance by re-
absorption of fluorescence or laser light. The resulting inhomogeneous temperature
distribution is the origin of several successive effects which affect the laser beam
that propagates through the gain medium.
In order to support the laser design and the interpretation of experimental results,

it is important to have a theoretical model and description of the thermal effects
that appear in the gain medium. Such modeling of thermal effects has been a topic
of research since the development of Nd:YAG lasers in the 1960’s. For example
Osterink et al. for the first time could increase the average power of Nd:YAG
lasers to over 1 W with operation in the TEM00 mode by considering the thermal
lens [49]. For high-power lasers, Koechner could develop an analytical solution
for the temperature distribution and the focal length of the thermal lens in flash-
lamp pumped Nd:YAG rods [50]. With the rise of solid state lasers end-pumped
by laser diodes, also the thermal effects in longitudinally diode-pumped lasers were
investigated [51, 52, 53, 54]. However, analytical solutions can only be found for
simple configurations, i.e. highly symmetric geometries and beam-profiles such as
cylindrical rods or slabs of isotropic materials and Gaussian or top-hat beam-profiles.
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Figure 5.1.: Schematic diagram of the effects caused by heating of the gain media due to
pump light absorption.

xz
y
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Figure 5.2.: The flat Brewster-cut Yb:KGW crystal is pumped collinear with the laser
beam. The two red surfaces are kept at a constant temperature of T = 14◦C
and are mechanically fixed which is modeled by keeping the y-positon of these
two planes constant.

For anisotropic gain materials, asymmetric geometries, or complex beam profiles,
solutions can only be obtained numerically.
To numerically calculate the thermal effects in this work, the involved processes

were studied by a finite element analysis (FEA). The simulations did consider two
physical models, heat conduction and thermal expansion plus the thereby induced
mechanical stresses. All effects, the dependencies amongst them, and their influ-
ence on the laser beam are visualized in Fig. 5.1. The basis of all related effects
is the development of an inhomogeneous temperature distribution. On one hand,
this affects the laser beam directly because the index of refraction is temperature
dependent (thermo-optic effect). On the other hand, the temperature gradients in
combination with thermal expansion of the crystal lead to a bulging of the crys-
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Figure 5.3.: Calculated temperature distribution (red dashed line) and displacement (black
solid line) along a horizontal (a) and a vertical (b) cross section over the center
of the flat crystal side. The simulations were done for the longitudinally
pumped Yb:KGW crystal with 12 W pump power, a Gaussian beam profile
with a diameter of ∼ 400 × 200 µm2, and M2 = 50 × 1.2. The insets show
the temperature distribution in two perpendicular planes through the crystal
center.

tal surface which can act as a lens. Furthermore, mechanical stresses appear in
the medium which can also influence the laser mode due to an additional stress-
dependence of the refractive index (photo-elastic effect).
The setup and gain medium geometry which was used is schematically shown in

Fig. 5.2. The gain medium was modeled with a three-dimensional flat-Brewster cut
geometry. The material parameters of the anisotropic Yb:KGW were entered along
each axis according to Chapter 7.3.5. The pump beam enters the crystal on the flat
side and decays exponentially over the propagation length. The assumption of an
exponential pump light decay is only valid if no saturation effects occur, what we
estimated to be a reasonable assumption for our case. As boundary conditions, the
red surfaces of the crystal were held at a constant temperature of T = 14◦C and
physically contacted to the copper heat sink through indium foil. To model this
contact, the surfaces were assumed to be mechanically fixed in the y-direction, but
allowed to slide along the x and z-direction to describe the embedding of the crystal
into soft indium foil. The stationary heat distribution was calculated by the heat
equation

−∇
[
k(T )∇T (r)

]
= Q(r), (5.1)

where T (r) is the spatial temperature distribution, Q(r) is the heat source, and
k(T ) is the temperature dependent thermal conductivity. In the mechanical part of
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the simulation, the overall stresses and the deformation of the gain medium were
calculated. While the deformation (displacement) is calculated with the Hook’s law
σ = Eε, the overall stresses σ in the gain medium are caused by volume forces
F ([F]=N/m3) and can be expressed by the equation

−∇σ = F. (5.2)

As input to Eq. 5.2, the volume forces caused by the stress due to thermal expansion
σth were used, and the overall stresses were obtained by solving Eq. (5.2). To combine
both models, heat conductivity and the mechanical part, the volume forces need to
be related to the temperature distribution. This can be achieved by incorporating
the thermal expansion ∆l into the generalized Hook’s law

σth = E · εth = E · α ·∆T, (5.3)

with the Young’s modulus E, the strain εth = ∆l/l, the thermal expansion coefficient
α, and the temperature difference ∆T . Therefore, the volume forces caused by
thermal expansion can be expressed by

F = −E · α · ∇T, (5.4)

whereas α is the thermal expansion coefficient tensor. With the FEA software (Com-
sol Multiphysics), initially the pump light absorption is calculated. During this step,
the specific beam profile as well as the laser efficiency can be taken into account.
Based on this first result, the temperature distribution inside the gain medium is de-
termined. With the temperature distribution, the stresses and the displacement can
then be calculated. All steps need to be repeated iteratively until a self-consistent
solution is found.
Fig. 5.3 shows the result for the temperature distribution (red dashed line) and

displacement (solid black line) along a horizontal and a vertical cross-section over
the center of the flat side of the crystal. The simulations were done for the longitu-
dinally pumped Yb:KGW crystal with 12 W pump power of a broad area emitter, a
Gaussian beam profile with a diameter of ∼ 400× 200 µm2, and a beam quality of
M2 = 50×1.2 as described in Chapter 7.3.5. The insets show the temperature dis-
tribution in two perpendicular planes through the crystal center. The temperature
distribution shows approximately a parabolic shape in the proximity of the laser
beam (x = -0.2...+0.2 mm, y = -0.1...+0.1 mm), and a logarithmic decay further
away from the center. Such a behavior would be expected from an analytical solu-
tion of the temperature distribution in a cylindrical rod end pumped with a laser
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Figure 5.4.: To retrieve the focal length of the thermal lens, the bulged surface is considered
as parabolic lens and the gain medium is divided into m thin slices which are
each treated as a gradient index lens. The overall ray-matrix of the left system
is compared to an equivalent system with two cylindrical lenses inside the laser
crystal. The equivalent lenses are calculated in such a way, that the overall
ray matrices of both optical systems are equal.

diode with a top-hat beam-profile [55]. A similar behavior can be observed for the
displacement. Therefore, in proximity to the pump beam, both effects can be fit-
ted with parabolic functions and the thermal effects can be regarded as a parabolic
lens [54]. Deviations from the parabolic behavior lead to higher order aberrations.

5.1.1. Retrieval of the focal length of the thermal lens

To retrieve the focal length of the thermal lens, the data of such a FEA-simulation
was analyzed. Each calculation needs to be done for the tangential (xz) and the
sagittal-plane (yz), respectively. First, the bulging of the surface is fitted with a
parabolic function with curvature Ax/y. With the index of refraction of the gain
medium n0, the focal length of this contribution can be calculated to

fbulge,x/y = 1
(n0 − 1) · 2Ax,y

. (5.5)

This effect can also be described by the ray-matrix formalism [48]. The parabolic
lens due to bulging of the crystal surface, is described by the matrix Mbulge,x/y

which is the matrix of a thin lens with the focal length fbulge,x/y. If one divides the
gain medium into m thin slices of thickness d, the temperature inside these slices
is nearly constant along the propagation direction, but shows an approximately
parabolic lateral temperature profile. With the thermo-optic parameter ∂n/∂T , this
temperature profile can be transformed into a distribution of the index of refraction
n(x, y) = n0 + ∂n/∂T · (T (x, y)−T0). Each of these thin slices can then be modeled
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as a gradient index lens with a ray-transfer matrix Mi,x/y [56]

Mi,x/y =
 cos bi,x/y ( d

n0
)
( sin bi,x/y

bi,x/y

)
−
(
n0
d

)
bi,x/y sin bi,x/y cos bi,x/y

 , (5.6)

whereas n0 is the index of refraction, and the coefficients bi,x/y are determined by

bi,x/y = d

√
2Bi,x/y
n0

. Bi,x/y are the curvatures of the parabolic fit-functions to the
refractive index profiles. With the ray-matrix of an infinitely thin slice of a flat
Brewster-cut crystal Mf−B,x/y, the overall ray-matrix for propagation through the
gain medium can be calculated by

Mtl,ges,x/y = Mf−B,x/y ·
m∏
i=1

Mi,x/y ·Mbulge,x/y. (5.7)

Usually the laser resonator is modeled by the ray-transfer formalism with discrete
elements. Therefore it is beneficial to reduce the huge expression of Eq. 5.7 to two
equivalent thin cylindrical lenses at the center of the laser crystal (see Fig. 5.4). The
overall ray-matrix of such an equivalent system would be the product of the matrix
of an rectangular block M1,x/y, the matrix of the thin cylindrical lens Mthermal,x/y,
and the matrix for a flat Brewster-cut block M2,x/y. By comparing this equivalent
matrix with Eq. 5.7

Mtl,ges,x/y = M2,x/y ·Mthermal,x/y ·M1,x/y,

the ray-matrix for the thermal lens can be obtained

Mthermal,x/y = M−1
2,x/y ·Mtl,ges,x/y ·M−1

1,x/y. (5.8)

Except for small numerical artifacts, the matrix Mthermal,x/y corresponds to the
matrix of a thin lens. Hence, the focal length fthermal,x/y of the thermal lens can be
retrieved from this matrix.

5.2. Simulation of the resonator internal beam waist
When designing a laser resonator, it is important to know if the resonator is stable
in the first place, as well as the diameter of the laser mode at certain positions.
For instance, the mode diameter inside the laser medium or on the SESAM. The
calculation of these diameters can also be done with the ray-transfer matrix method.
However, for this purpose, the method needs to be applied to Gaussian beams and
the complex q-parameter 1

q(z) = 1
R(z) − i

λ
πw(z)2 , where R(z) is the phase front radius
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of curvature and w(z) is the 1/e2 beam radius [48]. When propagating through an
optical element with a ray-matrix M =

(
A B
C D

)
, the q-parameter before the element

qin transforms into the parameter qout after the element following the relation

qout = Aqin +B

Cqin +D
. (5.9)

A laser resonator can be modeled by the ray-matrix product of all optical elements
along one round-trip. Hence, the overall ray-matrix Mtotal of a laser resonator with
n optical elements can be described by

Mtotal = M1 ·M2 · · ·Mn−1 ·Mn ·Mn−1 · · ·M2. (5.10)

For a stable laser resonator, the absolute value of the eigenvalue λ of Mtotal needs
be to be smaller than one, and the determinant of Mtotal needs to be between ±1.
Regarding these conditions, the general stability limit of a laser resonator is given
by ∣∣∣∣Atotal +Dtotal

2

∣∣∣∣ ≤ 1. (5.11)

The initial q-parameter q0 for the laser eigenmode at the surface of one of the two
end-mirrors can be derived by noting that the q-factor should be preserved after one
round-trip, i.e. q0 = Atotalq0+Btotal

Ctotalq0+Dtotal
. The initial q-parameter q0 is given by

1
q

= Dtotal − Atotal
2Btotal

± 1
Btotal

√
1
4(Atotal +Dtotal)2 − 1, (5.12)

where only the negative root can be considered in order to achieve a real value for
w(z) on the end-mirror. The beam radius w(z) along the whole resonator length
can then be calculated by successively applying the matrices Mi and propagation
matrices on q0. The thermal effects can be considered by inserting additional optical
elements into the simulation, for instance two thin cylindrical lenses with the focal
length fthermal,x/y for the thermal lens. A list of all used ray-matrices is given in
appendix C.
In mode-locked operation, the peak intensities inside the gain medium are suffi-

ciently high to excite an additional Kerr-lens which influences the laser resonator.
This Kerr-lens is caused by an intensity dependent refractive index described by the
nonlinear index n2. This effect is also known as self-focusing or the optical Kerr
effect. Since the laser mode possesses a lateral beam profile, for instance a Gaus-
sian intensity distribution, also a lateral refractive index distribution is created. In
the region near the center of the beam profile, this distribution can be fit with a
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Figure 5.5.: Iterative algorithm to calculate the beam radius inside the laser resonator, as
well as the expected pulse width.

parabolic function. Hence, the effect on the laser beam can be modeled by a gradient
index lens with the ray matrix MKL [57, 48]

MKL =
 cos γd 1

n′0γ
sin γd

−n′0γ sin γd cos γd

 , (5.13)

where d is the propagation length in the Kerr-medium, n′0 is the effective refractive
index

n′0 = n0 + n2
2P̂
πw2 , (5.14)

and the parameter γ is describe by

γ = 1
w2

√√√√8n2P̂

n′0π
. (5.15)

The variable w is the 1/e2 beam radius inside the Kerr-medium, and P̂ is the peak
power. The peak power is related to the pulse energy EP and the FWHM pulse
width τFWHM by

P̂ = 1.76 · EP
2 · τFWHM

= 0.88 · EP
τFWHM

. (5.16)

When modeling the propagation in the laser resonator for mode-locked operation,
the propagation through the gain medium must be described by a ray matrix for
propagation in addition with self-focusingMKL. In that case, an iterative algorithm
needs to be employed (Fig. 5.5). In the first step, the beam waist inside the ‘cold’
laser resonator is calculated. Based on these results, the pulse width can be esti-
mated by Eq. 4.7. With an adapted ray-matrix of the Kerr-lens, the beam waist
inside the resonator can be re-calculated. This procedure needs to be repeated until
a self-consistent solution is found, or the iteration can be stopped, if the resonator
becomes unstable. In this work, this algorithm was realized by a MATLAB code.



5.2. Simulation of the resonator internal beam waist 33

The laser crystal was modeled by two lumped elements of half the crystal length.
This proved to be too coarse for the calculation of some resonators, especially for
high laser intensities and strong nonlinearities. Thus, the code could be further
improved by modeling the laser crystal by smaller steps.
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Chapter 6
Compact 20 MHz femtosecond super-
continuum system based on an Yb:glass
oscillator

An approach for a very compact and portable femtosecond supercontinuum source
is described. This novel source possesses similar properties as systems based on
Ti:sapphire lasers [2, 7], and can therefore provide a flexible and very rugged al-
ternative for these setups. The first part of the chapter describes a novel design
for a directly diode-pumped femtosecond Yb:glass laser oscillator. By employing
a Herriott-type multi-pass cell, the laser footprint was fit to a size comparable to
that of fiber lasers. The second part of this chapter shows experimental results
of supercontinuum generation with this laser in tapered fibers as well as in PCF.
Furthermore, experiments to study important parameters with regard to practi-
cal applications, such as the intensity noise of supercontinua, the influence of fiber
pig-tails, and the influence of a pulse chirp on the spectra, are presented. The
results of these experiments show that femtosecond supercontinuum sources based
on Ytterbium lasers provide a more practical and rugged solution compared with
sources based on Ti:sapphire lasers. The properties which are investigated can also
serve as an example for results obtainable with other Ytterbium lasers with similar
properties.

6.1. Current state of research

In recent years it has been shown that supercontinua that are generated by pulses
shorter than a limit of approximately 200 fs are mostly based on coherent processes,
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and, therefore, possess some interesting properties as discussed in section 3 [3, 16].
At first, experiments with femtosecond supercontinua were realized mostly with
Ti:sapphire lasers [2, 7]. Nearly all properties of these supercontinua were inves-
tigated based on pump wavelengths around 800 nm. However, to implement such
lasers into other experiments and in harsher environments, it would be beneficial
to provide more compact, stable, and hands-off systems. In order to pursue this
goal, Teipel et al. investigated possibilities of femtosecond supercontinuum gener-
ation with Yb:glass lasers with wavelengths around 1 µm [13]. Ytterbium lasers
are particularly well suited pump sources for this purpose since they can be directly
diode-pumped, yet are capable of simultaneously generating femtosecond laser pulses
with the desired pulse widths below 200 fs [58, 59]. These lasers also offer the poten-
tial to build very compact systems. A possible alternative to solid-state lasers can
be provided by fiber lasers. With Yb:silica fiber lasers it is possible to achieve even
sub-100 fs pulses [60, 61]. However, nonlinearities and dispersion play an important
role for femtosecond fiber lasers and need to be taken into account which makes
the experimental setups more complex. For instance, additional external dispersion
control or pulse compression is necessary.
The goal of this work was to investigate an approach to further reduce the size

of such compact and rugged setups for femtosecond supercontinuum generation.
Based on the former work of Teipel et al. [13], we decided on a setup based on an
Yb:glass laser oscillator and tapered fibers. Additionally the possibilities of PCF
were investigated as well. Furthermore, the experiments aimed at investigating
the properties of supercontinua generated in tapered fibers pumped at Ytterbium
wavelengths around 1 µm, such as noise or the influence of fiber pig-tails and a
pulse pre-chirp, that were up to now only known for Ti:sapphire wavelengths around
800 nm [3, 62].

6.2. Properties of Yb:glass as laser medium

Ytterbium doped glasses are very well suited laser materials to build efficient, cost-
effective, directly diode-pumped, and compact femtosecond lasers [58, 59]. Besides
the advantages that characterize all Ytterbium doped laser materials, for instance a
very low quantum defect, a distinct absorption peak at wavelengths of widely avail-
able high-power laser diodes, relatively broad emission spectra, and low additional
loss processes, Ytterbium glasses additionally show a smoother emission spectrum
than most crystals and the manufacturing of laser glasses is usually cheaper than
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Figure 6.1.: a) Stark levels of the 2F7/2 and 2F5/2 multiplets of an Ytterbium doped alkali-
barium-silicate glass according to [63]. b) Absorption and emission cross sec-
tions of 15wt.% Ytterbium doped QX phosphate glass [64].

that of crystals. [58]. Furthermore, glass is an isotropic material and therefore all
parameters are polarization independent.

As host material, mostly silicate or phosphate glasses are used. By adding Yb2O3

to the molten glass, trivalent Yb3+ ions can be inserted into the glass network. [65,
54, 66]. With an electronic configuration of the Yb3+ ions of 5s25p64f13, the laser
active electrons are located in the incompletely filled 4f shells. Such a configuration
keeps the electronic structure simple and is the reason for the low loss processes
of Ytterbium doped materials, such as excited state absorption or up-conversion.
Furthermore, the electrons in the 4f shells are screened by the outer 5s and 5p shells,
and therefore the energy levels are nearly independent on the host material. The only
energy levels relevant for laser transitions are corresponding to the 2F7/2 and 2F5/2

states of the ions. For rare earth as well as lighter ions, this notation of electronic
states is usually given in the scheme of L-S-coupling of electron momenta. The laser
transitions in all Yb doped laser materials take place between the 2F7/2 ground state
and the 2F5/2 excited state manifold (Fig. 6.1). Nevertheless, despite the screening of
the crystal field by outer electrons, the energy levels of the 2F7/2 and 2F5/2 states split
into manifolds because small disturbances due to the electric field of the surrounding
host atoms lead to the formation of Stark level multiplets. These disturbances
slightly vary from ion to ion and give rise to a host material specific inhomogeneous
broadening of the emission spectrum. Since the energy levels involved in pump light
absorption as well as stimulated emission belong to the same two Stark multiplets,
Yb doped materials are called quasi-three-level materials. At room temperature, the
2F7/2 multiplet is thermally populated and the lower laser level is not completely
empty. For typical Ytterbium doped laser materials, approximately 4-6% of the
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Table 6.1.: Important properties of Ytterbium doped QX laser glass [65, 67].

Laser peak wavelength λL 1032 nm
Absorption peak wavelength λP 976 nm
Max. emission cross section σem 1.4·10−20 cm2

Max. absorption cross section σabs 0.7·10−20 cm2

Fluorescence lifetime µ 2 ms
Index of refraction @ 1032 nm n 1.52
Thermal conductivity λ 0.85 W

mK

Thermo-optical coefficient (20-40◦ C) ∂n
∂T -21·10−7 K−1

Nonlinear index n2 3.36·10−16 cm2

W

Group velocity dispersion @ 1045 nm D2 +45 fs2

mm

states of the lower laser level are populated at room temperature and a certain
threshold of absorbed pump light is required to achieve transparency.

In nearly all Ytterbium doped materials, the absorption spectrum shows several
broad peaks in the region around 910-950 nm as well as a strong narrow maximum
around ∼980 nm. Laser emission is possible in a range between 1020 nm to more
than 1060 nm. The emission spectra are usually sufficiently broad to generate fem-
tosecond laser pulses, for example pulses even shorter than 60 fs were obtained from
Yb:glass lasers [58]. Fig. 6.1 representatively shows the involved electronic states of
an Ytterbium doped alkali-barium-silicate glass, as well as the emission and absorp-
tion spectra of the specific Yb:glass (Yb/QX glass, Kigre Inc.) that was used in this
work. The most prominent absorption peak of the Yb doped QX laser glass appears
at 976 nm, whereas laser emission is possible in a range between 1020-1060 nm.

As laser material in this work, pieces of a 9.5wt.% Ytterbium doped phosphate
laser glass were used as laser medium (Yb/QX glass, Kigre Inc.). We chose this glass
because of its high thermal loading limit of more than 11 W per mm absorption
length [65], which can be attributed to the low thermal expansion coefficient [68]
and makes the laser medium very robust. The most important properties of this
laser glass are summarized in table 6.1. The group velocity dispersion was estimated
by the Sellmeier equation for a similar phosphate glass (QE-7, Kigre Inc.) 1 [67].

1n(λ) = 1.5291 + 4433 · 10−18m2/λ2.
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Figure 6.2.: Schematic of the laser oscillator setup: LD pump laser diode; L1,L2 achro-
matic lenses; M1, M4-7, M9 curved mirrors; M3,M10 dichroic plane mirrors;
M2,M8 dispersive plane mirrors; OC 5% output coupler; BiFi birefringent fil-
ter; SESAM: saturable absorber mirror. The beam path inside the multi-pass
cell is only indicated for clarity. In fact the beam bounces nine times off each
of the mirrors M4 and M5.

6.3. Experimental setup of the Yb:glass oscillator

6.3.1. Laser medium and pump configuration

The experimental setup of the Yb:glass laser oscillator is schematically shown in
Fig. 6.2. As laser medium, a piece of 9.5wt.% Ytterbium doped phosphate glass (Yb/-
QX glass, Kigre Inc.) was used. Increasing the doping level to 15wt.% Ytterbium
lead to an increase of the laser output power by approximately 20%, however, the
laser medium can easily get damaged when the laser operation is started or inter-
rupted too abruptly. When using a maximum doping level of 9.5wt.%, no damage of
the laser medium occurred, even if the pump light was turned on and off repeatedly
for many times.
The dimensions of the laser medium were 5 × 2 × 4 mm3 with an optical path

length inside the gain medium of 4 mm at normally incident laser beam. In the
non-lasing case, approximately 70% of the pump light was absorbed for a pump
wavelength of 976 nm. The laser glass was mounted between two aluminum plates.
To improve the thermal contacts between laser medium and heat sink, the gaps
between the laser glass and the mount were filled by 100 µm thick layers of indium
foil. The heat flow was mostly uni-directional along the side with 2 mm height.
The aluminum plates were cooled by a TEC and no further heat removal by water
cooling was necessary for stable laser operation. In order to minimize losses and to
prevent spurious reflections, the laser glass was cut with a small wedge and both
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front surfaces were antireflection coated for the pump wavelength around 976 nm as
well as for the laser wavelength around 1045 nm.
Due to the polarization insensitivity of the laser medium, a fiber coupled laser

diode module emitting unpolarized light was employed as pump source. This allowed
to efficiently match the laser mode with simple pump optics consisting of only two
lenses (Fig. 6.2). The pump source was a fiber coupled diode module (UM5200,
Jenoptik Unique Mode GmbH) which provided up to 5.2 W pump power at 976 nm
from a multimode fiber with 50 µm core diameter and a NA of 0.15. The beam
quality of this laser diode module was approximately 12 times diffraction limited,
resulting in a M2-factor of M2 ≈12 [69]. The pump beam was collimated by an
achromatic lens L1 with a focal length of f = 30 mm and re-focused into the laser
medium with an achromatic lens L2 with a focal length of f = 75 mm. After being
injected into the laser resonator through a dichroic mirror (M10), the pump beam
formed a spot with a mode radius of 63 µm in the laser medium. This estimation is
based on ray-transfer matrix calculations [48] with the appropriate M2-factor taken
into account. The thermal lens induced by the absorption of pump light and heating
of the laser crystal was determined by comparing experimentally obtained stability
limits of a simple four-mirror resonator with ray-transfer matrix calculations. The
focal length of the thermal lens was estimated to fthermal ≈20 mm for the highest
pump power of 5.2 W.

6.3.2. Layout of the laser resonator

The laser resonator consisted of a z-folded cavity with a resonator length of 7.5 m
which leads to a repetition rate of 20 MHz. The laser medium was placed slightly
asymmetrically between two curved mirrors M7 and M9. Both mirrors had a focal
length of 75 mm each and focused the laser beam into the laser medium. The laser
resonator was extended by a Herriott-type multi-pass cell (MPC) (M4, M5) and two
curved mirrors M1 and M6 with a focal length of 250 mm and 1000 mm, respectively.
Mirror M1 focused the laser onto the saturable absorber mirror (SESAM). Mirror
M3 was a flat dichroic mirror to filter out remaining pump light and prevent it
form saturating the SESAM. Two flat dispersive mirrors M2 and M8, as well as
several glass plates, were used to adjust the intra-cavity dispersion and SPM in order
to compensate for the dispersion of the laser medium and the effects of self-phase
modulation. The net intra-cavity GDD per round trip was adjusted in such a way to
provide sufficient anomalous GDD to operate the laser in the solitary mode-locking
regime [34, 35]. As output coupler (OC), a flat mirror with a reflectivity of 95% was
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Figure 6.3.: Photo of the setup of the Yb:glass laser oscillator. The SESAM and the
birefringent filter were removed at the time the photo was taken. The beam
path in the laser resonator is depicted by the yellow lines, whereas the orange
shaded area visualizes the pump beam. OC: output coupling mirror; Yb:glass:
laser medium; SESAM: position of the saturable absorber mirror, N-SF57:
glass plate for dispersion adjustment.

used. The footprint of the whole laser was fit onto an area of 62× 23 cm2 (Fig. 6.3)
by folding more than 70% of the total resonator length to a distance of only 30 cm
by employing a Herriott-type multi-pass cell [70].
The expected beam waists at distinct positions in the laser resonator were first

estimated by simple ray-matrix calculations to approximately 53 µm in the laser
medium, and to 220 µm on the SESAM (Fig. 6.4). These calculations were per-
formed by two methods with equal results, either by neglecting the MPC and mod-
eling the resonator by an effective shorter resonator or by taking the MPC into
account (Fig. 6.4) (see section 6.3.3). In mode-locked operation, the intra-cavity
peak intensities increase tremendously, so that nonlinear effects in the optical el-
ements influence the resonator properties and cannot be neglected anymore. By
modeling the laser resonator with the extended ray-matrix method as described in
Chapter 5.2, the beam waist inside the laser medium and on the SESAM can be
obtained in dependence on the laser output power (Fig. 6.5). Furthermore, the
simulations give an estimate for the expected pulse width.
As input parameters for the simulations, we used the properties of Yb:glass (ta-

ble 6.1) as well as the laser parameters described above. For experimentally achiev-
able laser output powers between 650-790 mW, the beam waist inside the laser
medium increases, whereas the beam waist on the SESAM decreases compared to
the values for cw operation (Fig. 6.5). The case of cw operation is equivalent to
a very low output power in the diagrams of Fig. 6.5. The increase inside the laser
medium helps to match the laser mode with the top-hat shaped pump beam of
the fiber-coupled diode module with an calculated beam waist of 63 µm. Devia-
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Figure 6.4.: Laser mode radius at each position in the laser resonator calculated with
the ray-transfer matrix method without taking nonlinear effects into account.
OC and SESAM indicate the two resonator end-mirrors. a) Equivalent short
resonator without MPC. The arrow marks the position at which the Herriott-
type MPC was inserted. b) Resonator with MPC. The shaded region indicates
the region of one round-trip in the MPC.
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Figure 6.5.: Calculation of the beam waists inside the laser medium and on the
SESAM (solid lines: tangential plane, dashed lines: sagittal plane) in de-
pendence on the laser output power. The squares denote the expected pulse
width. The resonator was modeled by an extended ray-transfer matrix method
to take the optical nonlinearities of the laser medium into account. a) Results
for an inserted GDD of D2 = -3440 fs2. b) Values obtained for a GDD of D2

= -3120 fs2.
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tions compared to the experimentally obtained values arise one the one hand due
to general limitations of the rather simple numerical model which are described in
section 5.2. On the other hand, additional discrepancies appear, because the non-
linearities in the glass plates as well as in the birefringent filter were not taken into
account.

6.3.3. Design of the Herriott-type multi-pass cell

A Herriott-type multi-pass cell (MPC) is an arrangement of two mirrors which are
aligned in such a way that they form a stable laser resonator by themselves. A laser
beam could be infinitely long trapped inside such a cell. However, by inserting a
small injection and a pick-up mirror into the cavity of the MPC, the laser beam can
be in- and output coupled. Since a Herriott-type MPC forms a stable resonator,
the complex Gaussian q parameter is preserved after each round-trip. A round-trip
comprises not necessarily twice the distance between the two mirrors, but rather a
certain integer number of whole forth- and back-reflections. This number n is specific
for each multi-pass cell and is a design parameter. In the following, in contrast to the
nomenclature common for laser resonators, a whole propagation through a MPC will
be called a round-trip, whereas two consecutive reflections on the two MPC mirrors
will be referred to as a forth- and back-reflection.
As long as a laser beam is picked up from a Herriott MPC after exactly an integer

number of round-trips, such a multi-pass cell can be inserted into any stable laser
resonator at any position without changing any of its beam properties, except the
total length. Since a Herriott-type MPC does not affect a laser resonator, the design
of the final oscillator can be started with a short cavity. Fig. 6.4 shows the calculated
beam waist at each position of the laser resonator. Fig 6.4 a) shows the results for
the equivalent laser resonator without MPC. This calculation was used to meet all
other design criteria such as the right beam waist inside the laser medium as well
as the beam diameter on the SESAM. In the experimental setup, the MPC was
then inserted at a suitable position, which is indicated in the diagram by the arrow.
Fig 6.4 b) shows the same calculation for the resonator with inserted MPC and
the full length. The shaded area visualizes the distance over which the laser beam
propagates inside the MPC. One recognizes that in all regions except the MPC, both
resonators behave identical. The beam waist inside the MPC changes periodically,
but the beam waists and divergence angles at the entrance and exit of the cell are
identical.
In order to find a specific combination of curved mirrors and the appropriate
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mirror distance, beam propagation inside a Herriott-type MPC can be described by
ray-transfer matrices [70, 71]. Due to the q preserving behavior, the components
of the ray-matrix for one forth- and back-reflection MT need to fulfill the same
condition as for stable laser resonators [48]:∣∣∣∣A+D

2

∣∣∣∣ ≤ 1, (6.1)

where A and D are components of the overall ray-transfer matrix of the multi-pass
cell MT =

(
A B
C D

)
. By interpreting Eq. (6.1) in terms of an angle θ,

A+D

2 = cos θ, (6.2)

the overall matrix after n forth- and back-reflections can be written the following
form [71]:

MT
n =

A−D
2

sinnθ
sin θ + cosnθ B · sinnθ

sin θ

C · sinnθ
sin θ

D−A
2

sinnθ
sin θ + cosnθ

 . (6.3)

It can be shown that for one round-trip inside such a MPC, the beam path in general
lies on a hyperboloid [70]. Successive bounces after each forth- and back-reflection
between the mirrors form elliptical or circular patterns on the mirrors. The angle θ
is exactly the angular separation of two successive bounces.
To be able to preserve the complex beam parameter q after n forth- and back-

reflections, hence one round-trip, the matrix MT
n needs to be equal to the unity

matrix I, i.e. MT
n = ±I. This if fulfilled if θ is a rational fraction of π [71]:

θ = m/n · π, (6.4)

where n is the number of bounces on one mirror and m is a parameter which deter-
mines the order in which the spot pattern on the mirrors is formed.
In this experiment, we decided to use exactly one round-trip in a Herriott-cell

with the parameter m = 2 and n = 9 bounces per mirror and round-trip. For this
combination of m and n, it is possible to achieve a beam path inside the multi-
pass cell which lies on the surface of a cylinder. The nine spots on each mirror
form a circular pattern in this case and only the first and the last spot overlap, so
it is possible to extract the beam after exactly one round-trip. Furthermore, we
decided for a symmetric setup with two identically curved mirrors with radius R.
The mirrors for beam injection and extraction were placed in the middle of the two
curved mirrors (inset of Fig. 6.4). The overall transfer-matrix MMPC for such a cell
can be derived by multiplying the ray-matrices for a curved mirror with radius R,
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MM =
( 1 0
− 2
R

1

)
, and the ray-matrix for free beam propagation along a distance L0,

MP =
(

1 L0
0 1

)
:

MMPC =
1− 6L0

R
+ 4L2

0
R2 2L0 − 2L2

0
R

4L0
R2 − 4

R
1− 2L0

R

 . (6.5)

The length L0 of a such a multi-pass cell can thus be calculated as a function of the
mirror radius of curvature R, the number of bounces n, and the parameter m:

L0 = R ·
(

1±
√

1−
1− cos (m

n
π)

2

)
. (6.6)

For the solution with the negative root in Eq. (6.6), the radius of curvature is large
compared to the distance between the mirrors. This leads to a beam path inside the
multi-pass cell which lies on the surface of a cylinder. For the solution of Eq. (6.6)
with the positive root, the beams would intersect at the center.
In the experiment, the Herriott-cell consisted of two mirrors with a diameter of

25.4 mm and a radius of curvature of 5000 mm (Layertec GmbH, Germany). The
reflectivity of each mirror was 99.95% with the coating centered on a wavelength of
1040 nm. The multi-pass cell was aligned for nine bounces on each mirror (m = 2,
n = 9), resulting in additional losses of less than 2% per one round-trip in the whole
laser resonator. The necessary mirror distance of the multi-pass cell was derived by
Eq. (6.6) to L0 = 301.5 mm, resulting in an overall path length of Ltotal = 5427 mm
for one round-trip. As injection and extraction mirror, two small trapezoidal flat
mirrors were used, that were inserted at exactly one segment of the circular cross
section of the beam path.

6.3.4. Solitary mode-locking and SESAM
In order to improve the laser stability and provide a rugged solution, we decided to
operate the laser in the solitary mode-locking regime [34, 35], i.e. mode-locking is
initiated and stabilized by a saturable absorber mirror (SESAM). The laser design
can fully focus on stability and the laser resonator can be operated in the middle
of a stability regime. To provide the conditions for solitary mode-locking, sufficient
net anomalous GDD per round-trip was introduced into the laser resonator. By
employing two dispersive mirrors (M2 and M8, Layertec GmbH, Germany) as dis-
persive elements, the laser resonator can be kept compact. Each reflection on one
of these mirrors provided a GDD of -900 fs2±100 fs2. The GDD as well as the
SPM per round trip could additionally be fine-tuned by inserting uncoated plates
of N-SF57 glass into the beam path at Brewster angle. Each of the 1 mm thick
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plates provided a GDD of approximately +80 fs2 per single pass. Furthermore, one
end-mirror was replaced by a SESAM [36, 37, 39]. The SESAM had a modulation
depth of ∆R = 1.6% and a saturation fluence of 70 µJ/cm2 (Batop GmbH, Ger-
many). The laser mode was focused onto the SESAM by the curved mirror M1
with a focal length of 250 mm to a spot size of 440 µm in diameter for cw-operation
and to an estimated diameter of 350 µm, respectively, when the influence of the
Kerr-lens is considered. According to the limit derived in [42], the above mentioned
parameters would lead to the onset of Q-switching for modulation depths larger
than ∆R < 0.9%. However, the value for the saturation fluence of the SESAMs
was taken from the datasheets of the manufacturer which were not necessarily cor-
rect for the specific manufacturing runs of the SESAMs. The experiments showed,
that a modulation depth of ∆R = 1.6% lead to stable and self-starting mode-locked
operation. For lower modulation depths, mode-locking was either not self-starting
or did not start at all. Even with the SESAM strongly saturated with a fluence of
690-820 µJ/cm2, no double-pulsing or cw-breakthroughs were observed.
An increase in stability and the possibility to tune the laser wavelength could be

achieved by inserting a 1 mm thick crystalline quartz plate into the laser resonator
at Brewster angle. This quartz plate acted as a birefringent filter [72]. For the laser
configuration with 180 fs pulse-width, the center wavelength was tunable between
1038 nm and 1047 nm. For the configuration with 150 fs pulses, for stable mode-
locked operation the laser wavelength had to be tuned to a suitable regime in the
emission spectrum. A center wavelength of either 1040 nm or 1045 nm resulted in
stable cw mode-locking.

6.4. Characterization of the laser parameters

Fig. 6.6 a) shows a measurement of the obtained laser output power in dependence
on the pump power. During this measurement, the laser was configured to provide a
pulse width of 147 fs at the maximum pump power. Mode-locking started at a pump
power of approximately 4.5 W, as indicated by the step of the output power, as well
as the increase of the slope efficiency from η = 17.5% to η = 19%. The laser was self-
starting in the mode-locked regime and showed pure single-pulse mode-locking for
pump powers above 4.5 W. For pump powers below 4.5 W the laser operated in the
cw regime and no tendency toward Q-switching could be observed. The maximum
achievable output power for this configuration was 665 mW at a pulse width of 147 fs
and was only limited by the available pump power. Fig. 6.7 a) shows autocorrelation
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Figure 6.6.: a) Measurement of the laser output power in dependence on the pump power
for a laser configuration with an inserted GDD of D2 = −3120 fs2. Mode-
locking started at a pump power of approximately 4.5 W. The solid lines
depict a linear fit for the two different operation regimes. b) Output power at
a pulse width of 147 fs over a span of 20 min. The intensity noise over this
period was determined to be 0.43% of the rms intensity. The inset shows a
photo-diode signal of the 20 MHz pulse train.

traces for this case. Assuming a perfectly sech2-shaped pulse envelope, the FWHM
of the pulses was determined to be 147 fs. The corresponding optical spectrum
for this case showed a bandwidth of approximately 8 nm (Fig. 6.7 b) at a center
wavelength of 1044 nm, corresponding to a nearly transform-limited time-bandwidth
product of 0.32. In the mode-locked regime, a stable 20 MHz pulse train could be
observed by measuring the laser intensity with a fast photo-diode (inset Fig. 6.6 b).
The laser output power was stable and mode-locking was not interrupted for many
hours. Fig. 6.6 shows a measurement of the laser output power for a pulse width
of 147 fs over a span of 20 min. During this measurement not the full laser power
was coupled into the power meter. From this measurement, the intensity noise was
determined to be 0.43 % of the rms power over 20 min.

The pulse width could be adjusted by changing the net GDD per round-trip by
varying the number of glass plates that were inserted into the laser resonator. The
overall inserted GDD was then determined by the combination of dispersive mirrors
and glass plates. By inserting three glass plates, corresponding to an inserted GDD
of D2 = −3120 fs2, the pulse width of 147 fs at an maximum average power of
665 mW was obtained. With only one glass plate, corresponding to an inserted
GDD of D2 = −3440 fs2, pulses with 180 fs pulse width at an maximum average
power of 790 mW were obtained with an optical-to-optical efficiency of 15%. In
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Figure 6.7.: a) Intensity autocorrelation trace for a laser configuration with an inserted
GDD of -3120 fs2 per round-trip. The pulse width was determined to be
147 fs, assuming a perfectly sech2-shaped pulse envelope. The inset shows the
trace of an interferometric autocorrelation. b) The laser spectrum showed an
bandwidth of approximately 8 nm at a center wavelength around 1044 nm.

both cases, the pulses were transform-limited with a time-bandwidth product of
0.32. The interferometric autocorrelation (inset Fig. 6.7 a) further indicates that
the pulses were nearly transform-limited and unchirped.

The theoretical predictions for the pulse widths (Fig. 6.5) vary significantly from
the experimental results. The main reason for this is that for the simulations with the
extended ray-transfer matrix method, all influences were neglected that were due to
nonlinear effects in the glass plates as well as in the birefringent filter. However, each
glass plate induces a significant amount of self-phase modulation and a Kerr-lens is
induced in the plates. Besides all general problems of this numerical model, neglect-
ing of the self-phase modulation in the glass plates yields an explanation for the
significantly shorter pulses that were obtained experimentally. For example in the
case of three inserted glass plates and thus an inserted GDD of D2 = −3120 fs2, the
additional SPM in 3 mm of N-SF57 glass leads to a pulse width of 147 fs compared
to a pulse width of ∼200 fs as is predicted theoretically for this case. Furthermore,
neglecting the Kerr-lenses that is induced in the plates would additionally change the
dependence of the beam waists on the output power (Fig. 6.5). Experimentally no
limit was observed for output powers of 700 mW or 740 mW, respectively (Fig. 6.5).
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Table 6.2.: Order N of initially launched solitons in tapered fibers with different waist
diameters D. As input parameters λ = 1040 nm, P0 = 600 mW, η = 50%,
τFWHM = 160 fs, frep = 20 MHz were used.

D (µm) GVD (ps/nm·km) β2 (fs2/mm) N
2.0 +175 [30] -1004 6
2.7 +90 [30, 13] -516 6
4.3 +25 [13] -143 8

6.5. Supercontinuum generation with the Yb:glass
laser

6.5.1. Measurements with tapered fibers
For peak intensities sufficiently high so that supercontinuum generation is signifi-
cantly affected by the fission of higher order solitons, propagation lengths in micro-
structured fibers of only a few cm can lead to the generation of multi-octave broad
spectra. In this case, most likely tapered fibers are one of the most flexible and a
very cost-effective method. Tapered fibers can be manufactured within minutes and
without complex equipment. This allows to easily vary parameters such as waist
diameter, taper length, or even taper shape.
The order of the initially launched solitons that can be achieved with this setup

can be calculated by the relation resulting from soltion theory [28]

N2 = γP̂ τ

|β2|
, (6.7)

with the SPM parameter γ, the peak power P̂ , the paramter τ related to the FWHM
pulse width τFWHM by τFWHM = 1.76 · τ , and the fiber GVD parameter β2. This
equation can further be expressed by the experimentally obtained parameters for
the input power P0, coupling efficiency η, repetition rate frep, and fiber diameter D:

N2 ≈ 2.58 · n2 · P0 · η · τFWHM

λ ·D2 · frep · |β2|
(6.8)

The obtained values are summarized in table 6.2 for three different fibers with waist
diameters of 2.0 µm, 2.7 µm, and 4.3 µm, respectively. As nonlinear index n2, a
value of n2 = 2.6 · 10−20m2/W for SMF28 fiber [28] was used and the input power
was set at P0 = 600 mW with a coupling efficiency into the fiber of η = 50%.
The calculations confirm that this combination of Yb:glass laser and tapered fibers
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Figure 6.8.: Supercontinua obtained from three different tapered fibers. The measure-
ments are shown for no pulse pre-compression for various average powers of
the supercontinua. a) Spectrum with 400 mW average power achieved with a
fiber with a diameter of 4.3 µm. b) Broad spectrum obtained at 290 mW av-
erage power obtained with 2.7 µm fiber waist diameter. c) Spectrum of a fiber
with 2.0 µm waist diameter with a significant fraction in the blue-ultraviolet
region at a total average power of 320 mW.
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generate solitons of the order of six to eight. This means that the fission of higher
order solitons plays an important role and the supercontinuum generation process
can be described by the theory developed for femtosecond pulses [3].
In order to demonstrate possible spectra that can be obtained with such a combi-

nation of the Yb:glass oscillator and tapered fibers, Fig. 6.8 shows power dependent
measurements of supercontinua generated with three different tapered fibers. During
all measurements, the laser was operated with two intra-cavity glass plates, resulting
in a pulse width of 160 fs and a laser power of approximately 700 mW. To protect the
laser against back-reflections from the fiber surface, a Faraday isolator (EOT, Inc.)
was placed between the laser output coupler and the fiber coupling optics. The laser
light was then coupled into the tapered fiber by a 10× microscope objective. Behind
the pump optics, approximately 600 mW average power remained. The input power
into the fibers could additionally be attenuated by a reflecting filter wheel. All fibers
were pig-tailed with approximately 10-15 cm SMF 28 fiber at both ends. The thin
tapered region was 90 mm long for all fibers. The waist diameter of each fiber varied
between 2.0 µm and 4.3 µm.
Fig. 6.8 b) shows the experimentally obtained power dependent spectra of the

supercontinua generated with a tapered fiber with 2.7 µm waist diameter. With
an input power of 600 mW, an overall supercontinuum average power of 290 mW
was achieved. The spectrum stretched from 400 nm to 1650 nm. Less broad but
smoother spectra were obtained by employing a tapered fiber with a thicker taper
waist of 4.3 µm (Fig. 6.8 a). The maximum average output power was 400 mW in
this case. Spectral components reaching into the violet to near ultraviolet region
were obtained by using fibers with small diameters. For instance, with a waist
diameter of 2.0 µm, a spectrum with up to 320 mW average power and a significant
fraction of light in the blue to ultraviolet region was achieved (Fig. 6.8 c).
In all three diagrams of Fig. 6.8 one can nicely see the influence of the waist

diameter on the shape of the spectra. All spectra show a strong peak at the visi-
ble regime. This peak is due to the fission of higher order solitons during the first
stages of supercontinuum generation along propagation over the first 0.5-1 cm in
the tapered region [3]. The position at which the non-solitonic peak in the visible
appears, is dependent on the phase matching condition (Eq. 3.2) which is strongly
dependent on the waist diameter, as well as on the input power. For thinner fibers,
the distance between pump wavelength and zero-dispersion wavelength is larger and
thus the visible peak appears at shorter wavelengths than in thicker fibers. Further-
more, all spectra show a broad and smooth fraction of light at longer wavelengths
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Figure 6.9.: a) Measurement of the laser output power, the overall average power of a
supercontinuum generated by a fiber with 4.0 µm waist diameter, as well as
the average power of a 15 nm broad spectral section centered around 633 nm.
b) Spectrum of the supercontinuum filtered by a bandpass filter with a center
wavelength of 633 nm and a bandwidth of 15 nm.

than the pump wavelength. These regions mostly stretches from the pump wave-
length around 1044 nm to the near-infrared. These long-wavelength components
are partially generated during the fission of higher order solitons, but mostly and
to a large extend due to the self-frequency shift of fundamental solitons caused by
Raman scattering [3]. The longer the interaction length in a fiber is, the further the
near-infrared limit is shifted toward longer wavelengths. The gap between the peak
at visible wavelengths and the red-shifted components is successively filled by four-
wave mixing over the whole propagation length. However, the larger the distance
between the visible peak and the infrared section, the more distinct is the gap in
the spectrum. For large distances (e.g. Fig. 6.8 b) and c)), this gap usually remains
after propagation over typical lengths of ∼10 cm.

6.5.2. Noise measurements
For many applications of supercontinua it is important to maintain a stable spec-
tral power over the duration of the experiment. An important property of filtered
supercontinua is an increasing intensity noise of spectral sections with narrower fil-
ter bandwidth. In the following, this aspect was investigated for an arbitrary filter
center wavelength of 633 nm. In order to characterize the intensity stability and
the noise of the generated supercontinua, the overall average power as well as the
power of a spectrally filtered narrow section were measured and compared to the
laser stability. Fig. 6.9 a) shows the measurement of the laser output power, the
overall average power of the supercontinuum, and the average power of the spec-
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trally filtered section over a span of 20 minutes. During all measurements, the laser
was configured with two inserted glass plates and a pulse width of 160 fs. The super-
continuum was generated in a tapered fiber with a waist diameter of 4.0 µm. The
spectrally narrow section was filtered out of the supercontinuum by a interference
filter with a center wavelength of 633 nm and a bandwidth of 15 nm. The spec-
trum of the filtered section with an average power of 430 µW is shown in Fig. 6.9
b). Over a span of 20 min, the intensity noise of the overall average power of the
supercontinuum was determined to be 0.79% rms which is approximately twice the
laser noise of 0.43%. Narrow filtering of supercontinua tremendously increases the
noise due to fluctuations of the shape of the spectrum. For exammple, the average
power of the 15 nm broad spectrally filtered section showed an intensity noise of
2.3% rms.

6.5.3. Influence of pulse chirp and fiber pig-tails

For practical applications it is important to know the influence of the SMF 28 fiber
pigtails that are connected to the tapered fibers, as well as the consequences of a
possible chirp of the input pulses. During every-day operation of the fibers, espe-
cially under harsh and unprotected conditions, the fiber ends need to be re-cleaved
from time to time. Thus, the fiber pigtails will become shorter over time. Besides
that, maybe it would be beneficial to exchange a tapered fiber, either to change the
shape of the spectrum or to exchange a damaged fiber. Another important factor is
the influence of the pulse chirp on the supercontinuum generation. Since the laser
beam might pass several optical elements before it is coupled into the fiber, such as
a Faraday isolator or the microscope objective, the spectra of the supercontinua also
depend on the position of the tapered fiber in the experimental setup. These points
turned out to be extremely sensitive for supercontinuum generation with Ti:sapphire
lasers [62]. Assuming that self-phase modulation in the pig-tails is negligible, the
only noticeable effect of the pig-tails to the laser pulses is a chirp. Therefore, inves-
tigating the influence of a pulse chirp on the supercontinuum generation also gives
insight on the influence of the fiber pig-tails. The measurements with this particular
laser can be regarded as an example for other Ytterbium doped lasers with similar
properties such as similar wavelength and peak powers.
In order to investigate the aforementioned effects, the supercontinua of two dif-

ferent tapered fibers were measured for varying negative pulse pre-chirp. The chirp
of the input laser pulses was changed by bouncing the laser beam off dispersive
mirrors before coupling into the fiber. One bounce on a dispersive mirror provided
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Figure 6.10.: Supercontinua in dependence on negative pulse pre-chirp. The broadest spec-
tra are plotted in red. a) Spectra for a fiber with 2.0 µm waist diameter.
The output power was held constant in all cases at 280 mW. b) Same mea-
surement for a fiber with 4.3 µm waist diameter at a constant output power
of 325 mW.

-1300±150 fs2 of anomalous GDD. The number of bounces on the dispersive mirrors
was varied between none and ten, resulting in a GDD of 0 fs2 to -13000 fs2. Before
coupling into the tapered fiber, the laser beam passed a Faraday isolator, the mi-
croscope objective, and a 14 cm long fiber pigtail. All these elements accounted for
an additional normal pulse chirp. Fig. 6.10 a) shows the measured supercontinua
for a fiber with 2.0 µm waist diameter. Fig. 6.10 b) shows the same experiment for
a fiber with a diameter of 4.3 µm. The output powers were held constant for each
measurement at 280 mW and 325 mW, respectively.
The measurements lead to two conclusions. First, the broadest spectra were

obtained for pulses with slightly anomalous chirp. For the fiber with 2.0 µm diam-
eter (Fig. 6.10 a), the broadest spectra were obtained with a pre-chirp of -2600 fs2,
whereas for the fiber with 4.3 µm (Fig. 6.10 b) a pre-chirp of -1300 fs2 gave the best
results. These low values for the optimum pre-chirp are rather obvious, because
the pre-chirp helps to compensate the positive GDD of the microscope objective
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and input fiber pig-tail. When entering the tapered region, normally chirped pulses
are initially temporally compressed and experience self-phase modulation until they
finally form a soliton. Excess power forms a pulse which temporally broadens and
forms a background signal. Consequently, a laser pulse that enters the tapered re-
gion with a flat phase forms a soliton immediately and will thus experience a longer
effective interaction length than a pulse with an unsuitable phase. The second ob-
servation is, that for the fiber with 2.0 µm waist diameter the shape of the spectra
varies less with different pre-chirps than the spectra of the fiber with 4.3 µm waist
diameter. The reason for this could be that the effects of a pre-chirp are less notice-
able for the thinner fiber with a GVD of -1004 fs2/mm (table 6.2) which by itself
would induce the same chirp over a propagation length of 13 mm. The thicker fiber
with 4.3 µm waist diameter would induce this chirp over a much longer length of
more than 1 m. This fact does not affect the fraction of light which propagates
through the fiber as a soliton, but the fraction of excess light which remains and
forms the background signal. However, in general one recognizes that a moderate
pulse pre-chirp of less than -13000 fs2 has only little influence on the smoothness and
bandwidth of the spectra. This agrees with the results found theoretically as well
as experimentally for pumping with Ti:sapphire lasers [62]. On one hand, tapered
fibers with typical waist diameters of 1-4 µm show stronger anomalous dispersion
at the the taper waist for pump wavelengths around 1045 nm than they do for
pump wavelengths around 800 nm. On the other hand, the normal dispersion in
the fiber pig-tails is lower for the Ytterbium wavelengths around 1045 nm than it is
for Ti:sapphire lasers at 800 nm because 1045 nm are closer to the zero-dispersion
wavelength of SMF28 fiber at 1300 nm.
Therefore, fiber pig-tails that are connected to the tapered fibers or a pulse chirp

do not have a huge influence on the spectral shape of supercontinua generated with
Ytterbium doped lasers. Concerning the shape of the supercontinua, no additional
measures need to be taken in order to deal with fiber pig-tails or pulse chirp. This
means, that fibers can be cleaved or exchanged, or the position of the tapered fiber
in the experimental setup can be changed without a noticeable influence on the gen-
erated supercontinua. Besides that, practically no temporal pulse pre-compression
is necessary since the effect is hardly noticeable.

6.5.4. Measurements with photonic crystal fiber (PCF)

For femtosecond supercontinuum generation, tapered fibers offer a very flexible solu-
tion. Alternatively, nonlinear PCF are widely commercially available. Possibilities
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Figure 6.11.: Spectra of two supercontinua obtained by pumping 20 cm and 20 m
long pieces of nonlinear PCF with 190 fs pulses at a wavelength of
1040 nm (dashed line). With an input power Pin = 600 mW, an overall
average output power of up to Pout = 215 mW was obtained.

of pumping nonlinear PCF with the previously described Yb:glass laser will be de-
scribed in the following section. For the particular fiber used in these experiments,
the pump wavelength was very close to the zero-dispersion wavelength, resulting in
differently shaped spectra compared to supercontinua obtained with tapered fibers.
Latter were pumped far in the anomalous dispersion regime.
For the experiment, the laser was operated an average power of 625 mW, a pulse

width of 190 fs and a center wavelength of 1040 nm. The laser was protected against
back-reflections by a Faraday isolator and the laser light was coupled into the PCF
by a 30 × microscope objective. As micro-structured fiber, a nonlinear PCF with a
core field diameter of 5 µm and a zero-dispersion wavelength of λZDW = 1040 nm
was used (Thorlabs, SC-5.0-1040). The coupling efficiency into the PCF was ap-
proximately 35%, resulting in an average power of the supercontinua of 225 mW. By
using different microscope objectives the coupling efficiency was increased, however,
the stability of the fiber coupling decreased with tighter focusing.
Fig. 6.11 shows the resulting spectra for 20 m and 20 cm long pieces of PCF,

respectively. The spectra differ slightly from the spectra that were generated in
tapered fibers in the previous sections. In both cases, the spectra obtained with this
PCF are rather narrow and posses little spectral components at wavelengths shorter
than the pump wavelength. The longer fiber generated broader spectra due to
the longer interaction length and thus higher possibilities for soliton self-frequency
shifts and further nonlinear processes such as four-wave mixing and cross-phase
modulation.
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For the employed PCF, the zero-dispersion wavelength was very close to the pump
wavelength of 1040 nm. For such a situation, the blue-shifted wavelength compo-
nents that evolve due to fission of higher order solitons are in close proximity to the
pump wavelength as predicted by the phase-matching condition Eq. (3.2). Further-
more, it might be that some fraction of the pump light experiences normal dispersion
and does not form a soliton. This case is comparable to pumping the fiber with a
lower input power which leads to less broad spectra, as can be seen for example in
the power dependent measurements with tapered fibers (Fig. 6.8). The fraction of
pump light which experiences normal dispersion is solely broadened by self-phase
modulation. However, newly generated red-shifted components might then again
experience anomalous dispersion and contribute to the formation of solitons. In the
measurements shown in Fig. 6.11 the peaks due to fission of higher order solitons
appears at approximately 875 nm and 750 nm. The longer the fiber, i.e. the longer
the interaction length, the soliton self-frequency shift is more pronounced and the
spectrum becomes broader toward the long wavelength side. Besides this, Raman
scattering and four-wave mixing processes are also more efficient in longer fibers and
lead to a further broadening of the spectra toward shorter wavelengths.
Concerning practical applications, rather narrow spectra, such as obtained in

this experiment, may be interesting if high spectral intensities are required. For
an efficient supercontinuum generation with sub 200 fs pulses at peak powers of
160 kW, fiber lengths of 10-20 cm are sufficient.

6.6. Conclusion

We presented an approach for a flexible and portable femtosecond supercontinuum
source for various applications. In order to achieve this, a novel and very compact
design for an Yb:glass laser oscillator was developed. The combination of this laser
together with tapered fibers can generate supercontinua with up to 400 mW overall
average power and various differently shaped spectra. When pumping tapered fibers
at wavelengths of Ytterbium lasers, the influence of fiber pig-tails and pulse chirp
on the shape of supercontinuum spectra was found to be very small. This behavior
could be attributed to the GVD of SMF28 fiber and the waist region of tapered
fibers at wavelengths of Ytterbium lasers around 1 µm. Spectrally narrow filtering
of the supercontinua with a bandwidth of 15 nm resulted in an intensity noise of less
than 2.5% of the rms power in this spectral section. The experimental results of the
supercontinuum generation experiments agree well with the theory of femtosecond
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supercontinuum generation with micro-structured fibers [1, 2, 3] and can thus be
well predicted by these theories.



Chapter 7

Multi-Watt 44 MHz femtosecond
supercontinuum source based on an
Yb:KGW oscillator

In order to scale the average power of femtosecond supercontinua to more than
1 W, a novel design for a diode-pumped multi-Watt, sub-200 fs laser oscillator was
developed, and methods for sufficient longitudinal pumping of the gain medium with
broad-area diodes were investigated. Pumped by a single broad-area laser diode, the
oscillator can provide over 5 W output power and pulse widths as short as 161 fs at
a repetition rate of 44 MHz. An optical-to-optical efficiency of more than 23% for a
pulse width of 161 fs, and an efficiency of 28% for 225 fs pulses were obtained. We
experimentally and numerically investigated the thermal effects that are induced in
the slab laser crystal by pumping with up to 18 W from a broad-area diode. We
found that the specific beam profile of these diodes has a significant influence on the
thermal effects. This profile results in a different behavior than, for instance, fiber
coupled diodes or diodes with top-hat beam profiles. Experimental guidelines and a
numerical model are presented to predict and compensate these effects by a suitable
resonator design. In combination with tapered fibers, supercontinuum generation
with an overall average power of more than 1.3 W was achieved. Furthermore, an
experiment with polarization-maintaining PCF is presented in order to demonstrate
the possibility of generating polarization stable femtosecond supercontinuua.



60 Chapter 7: Multi-Watt 44 MHz femtosecond supercontinuum source

7.1. Current state of research on multi-Watt sub-
200 fs laser oscillators

A major challenge in increasing the output power of diode-pumped femtosecond
laser oscillators is posed by the therefore required high pump powers. Due to such
high pump powers, thermal effects are induced in the gain medium. In recent
years, especially Ytterbium doped tungstates proved to be very suitable gain media
for diode-pumped femtosecond lasers. Mostly all recent publications on high-power
diode-pumped femtosecond lasers are based on those gain materials, see for example
Refs. [21, 73, 20, 74]. Such lasers are usually longitudinally pumped by high-power
laser diodes. This leads to the evolution of a non-uniform heat distribution inside
the gain medium. This temperature distribution changes the index of refraction and
causes mechanical strains and stresses. Both effects lead to a change of the optical
properties of the gain medium. Some of the effects can be compensated by a suitable
resonator design, whereas higher-order aberrations often lead to a low output beam
quality. In particular for mode-locked lasers it is important to minimize higher-order
aberrations in order to achieve a nearly diffraction limited beam.
In order to overcome spatial variations of the optical path length in the gain

medium due to a non-uniform heat distribution, various laser designs have been
pursued. Very high average powers and extremely high pulse energies directly from
a femtosecond oscillator can be achieved with the concept of thin-disk lasers [20, 74].
In this design, the heat is transferred collinearly with the propagating laser beam.
Another possibility is the so-called zig-zag geometry which is mostly used with slab
lasers. Here, due to an averaging effect, all fractions of the phase front experience
approximately the same phase shift while the beam propagates through the gain
material [75]. Especially for high-power femtosecond lasers, the thin-disk concept
would be very interesting since the propagation length inside the gain medium with
a typical thicknesses of ∼250 µm is short which helps to keep distorting nonlinear
and thermal effects low. However, there seems to be a limit of approximately 200 fs
for pulses that can be obtained from thin-disk lasers [20]. This limit is probably due
to a narrowing of the emission spectrum (gain narrowing) caused by the extremely
high pump light densities necessary for these kind of lasers. This is for example
noticeable by the appearance of cw-backgrounds in mode-locked operation.
Methods to achieve sub-200 fs pulses at multi-Watt output powers are still a cur-

rent topic of research. Recently, there have been great advances based on the bulk-
laser concept with thin, but rather long laser crystal slabs. For example, Holtom
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obtained more than 5 W average power at 134 fs and 9.9 W at 292 fs from an
Yb:KGW oscillator [21]. A very simple design without the need for dichroic mirrors
or complex coatings has been demonstrated by Berger et al. [73]. However, the pulse
width was limited to 250 fs. Here we demonstrate that further progress is possible
with the concept of slab laser oscillators by employing broad-area diodes as pump
sources. Furthermore, we show that the Ng-cut crystal orientation, seldomly used
up to now, is favorable for such kind of lasers. Due to the extremely high beam
quality of a novel kind of pump diodes, as well as thorough considerations for mini-
mizing or compensating for thermal effects, the overall efficiency of slab lasers can
nearly achieve values of thin-disk lasers, and yet allow for the generation of sub-
200 fs pulses. For example in this work, we achieved an optical-to-optical efficiency
of more than 23% at a pulse width of 161 fs and an average power of more than
4 W.

7.2. Ytterbium doped double tungstates

Even though Yb:glass offers many advantages such as isotropy or a broad and smooth
emission spectrum, the thermal conductivity of glasses and the fracture limit is
too low to increase the laser power to several Watts with a gain medium of only
several mm absorption length. Very promising gain media for high-power diode-
pumped femtosecond lasers are provided by Ytterbium doped monoclinic double
tungstates. These crystals belong to a class of crystals with the general formula
Yb:Kx(WO4)2, where x can be one of several possible lanthanide ions such as Y,Gd,
or Lu of which a certain fraction is substituted by Yb ions. The most commonly
used host materials of this class are KGd(WO4)2 (KGW), KY(WO4)2 (KYW), or
KLu(WO4)2 (KLuW). Even a doping level of 100% Yb is possible, resulting in the
stochiometric KYb(WO4)2 (KYbW) crystal. With these tungstate laser materials,
tremendous advances in the development of diode-pumped solid state femtosecond
lasers were achieved recently. For example as mentioned above, Holtom obtained an
average power of 5 W at 134 fs and 9.9 W at 292 fs from an Yb:KGW oscillator [21].
Brunner et al. achieved 22 W average power with a pulse width of 240 fs from an
Yb:KYW thin-disk laser [20]. Among the tungstates, Yb:KLuW is the most newly
developed material. It is particularly very promising for the epitaxial growth of
higly doped thin films [76, 77]. With this material, Rivier et al. could recently
demonstrate an Yb:KLuW based thin-disk laser with single-pass pumping [78].
Ytterbium doped tungstates posses some interesting properties and are highly
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Table 7.1.: Coefficients of the Sellmeier equation (Eq.(7.1)) to determine the refractive
index for each axis Np, Nm, and Ng, respectively [84].

A B C/nm D/nm−2

Np 1.5344 0.4360 186.18 2.0999·10−9

Nm 1.5437 0.4541 188.91 2.1567·10−9

Ng 1.3867 0.6573 170.02 0.2913·10−9

suitable as gain media for high power diode-pumped femtosecond lasers. On one
hand, these materials show the same characteristics as all Ytterbium doped ma-
terials (see for example the properties of Yb:glass as described in Chapter 6.2).
On the other hand, due to their crystalline structure, these materials show rea-
sonably high thermal conductivities that are sufficient to achieve laser powers in
the range of several tens of Watts. For example, Yb:KGW has a thermal conduc-
tivity of 2.6-3.8 W/m·K [79, 80]. This value ranges between that of laser glasses
(0.85-1.30 W/m·K) and highly thermally conductive materials such as YAG with a
thermal conductivity of 14 W/m·K [81]. However, despite their crystalline struc-
ture, the emission spectrum of Yb tungstates is sufficiently broad to generate laser
pulses shorter than 100 fs. For example Liu et al. obtained pulses as short as
71 fs from a Kerr-lens mode-locked Yb:KYW laser [82]. Another property of Yb
doped tungstates are their high emission and absorption cross sections of approxi-
mately σem ≈ 3 · 10−20cm2 and σem ≈ 12 · 10−20cm2, respectively [83]. These high
cross sections allow building very efficient lasers and help to suppress Q-switching
in mode-locked operation with a SESAM.

7.3. Femtosecond 5 W Yb:KGW slab oscillator

7.3.1. Properties of Yb:KGW

In this work, we decided to use Yb:KGW as gain medium because of the greater
availability as well as the slightly smoother emission spectrum for a laser polarization
parallel to the Nm refractive axis as compared to Yb:KYW. It was first employed
as gain material for mode-locked lasers by Brunner et al. who could generate an
average power of 1.1 W at a pulse duration of 176 fs from a bulk laser oscillator that
was pumped by two 3 W laser diodes [85].
Yb:KGW is a highly anisotropic crystal. Nearly all properties are dependent on
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Figure 7.1.: Crystal axes of Yb:KGW: a, b, and c (blue) with respect to the principal
refractive axes Np, Nm, and Ng (red), as well as the principal axes of thermal
expansion X1´, X2´, X3´ (green).

the specific crystal orientation. In the literature, some properties, such as emission
and absorption cross sections, as well as the thermal conductivity, are often specified
in the coordinate system of the crystallographic axes. Other properties such as the
refractive indices or the thermal expansion can be more conveniently described in
their own principal coordinates. The crystal structure of KGW can be described
by different monoclinic space groups and additionally in each group with different
unit cells. Most publications and manufacturers use lattice parameters of a unit cell
similar to the ones used by Pujol et al. [86]:

a´ = 7.582 Å, b´ = 10.374 Å, c´ = 8.087 Å, β = 94.41◦.

These lattice parameters correspond to a description in a I2/a space group. As
pointed out by Pujol et al., many publications use similar unit-cell parameters,
however, with inappropriate space groups. In particular older publications often use
similar parameters as Pujol et al. in combination with a C2/c space group [86].
Furthermore, many authors use similar unit cells with the axes labeled with a, b,
and c which would correspond to a = c´, b = b´, c = a´. In the following we will
refer to the lattice parameters of Pujol et al. with the labeling of a, b, and c since
this is the most widely used combination in literature and datasheets.
Concerning the linear optical properties, KGW is a biaxial birefringent crystal

with three main refractive axes. The index of refraction along the principal refractive
axes of the indicatrix are labeled by Np, Nm, Ng, where p, m, and g stand for
petit, médian and grand, respectively [87]. All three principal refractive axes are
perpendicular to each other. In respect to the crystallographic axes, the Ng-axis is
rotated by 21.5◦ clockwise from the a´-axis, theNm-axis is rotated by 17.1◦ clockwise
from the c´-axis and the Np-axis is parallel to the b´-axis [84]. The wavelength
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Table 7.2.: Material properties of Yb:KGW. All anisotropic values are given in the accord-
ing principal system [79, 80, 84, 86, 88].

Parameter Value (|| axis)
a b c

Emission peak wavelength λL (nm) 1027 1032 1024

Absorption peak wavelength λP (nm)
981 981 981
934 953 953

Em. cross section @ λL σem,L (10−20 cm2) 2.8 2.2 0.77
Abs. cross section @ 981 nm σabs,P1 (10−20 cm2) 12.0 1.7 2.1
Abs. cross section @ 934/953 nm σabs,P2 (10−20 cm2) 2.7 1.8 0.7
Thermal conductivity @ 100◦C k (W/m·K) 2.6 3.8 3.4

X3´ X2´ X1´
Thermal expansion coefficient α (10−6K−1) 10.64 2.83 23.44

Nm Np Ng

n @ 1027 nm 2.011 1.983 2.062
GVD @ 1027 nm k2 (fs2/mm) +183 +170 +217
Nonlinear index @ 800-1600 nm n2 (10−16cm2/W) 20 15 -

Thermo-optic parameter ∂n/∂T (10−6 K−1) 0.4

dependence of the refractive indices can be described by a Sellmeier equation [84]:

Np/m/g = A+ B

1−
(
C
λ

)2 −Dλ
2. (7.1)

The coefficients A, B, C, and D are listed in table 7.1 for each axis.
Another effect which is often described in its own principal coordinate system is

the thermal expansion. The axes of the principal system of thermal expansion are
labeled as X´1, X´2, and X´3. The X´2-axis is parallel to the b´-axis, whereas the
X´3-axis is rotated by 12◦ anti-clockwise from the c´-axis and is perpendicular to
the X´1-axis [86].
Fig. 7.1 visualizes the orientation of the crystallographic as well as the principal

axes of the indicatrix and the axes of thermal expansion. The most important ma-
terial parameters of Yb:KGW are summarized in table 7.2. Due to the anisotropy
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Figure 7.2.: Absorption (a) and emission cross sections (b) of 5at% doped Yb:KGW [79].

of the crystal, the parameter values are given along each principal axis. If neces-
sary, the tensor of these parameters can be converted to other coordinate systems.
Some parameters, such as the thermo-optical parameter ∂n/∂T, vary significantly
in different references. Here, the values which to our experience correspond best
with the experimental results are given. When important for the experiment or the
simulations of the thermal lens, the specific parameters are discussed in detail in the
corresponding chapters.
Fig. 7.2 shows the absorption and emission cross sections of 5at.% Ytterbium

doped KGW [79]. The spectroscopic properties of Yb:KGW are similar to other
Yb doped materials (see Chapter 6.2). The laser transitions take place between
the 2F5/2 excited state and the 2F7/2 ground state manifolds. The most prominent
absorption peak for Yb:KGW appears at exactly 981 nm with a very narrow line-
width of only 3.7 nm. A second but broader absorption peak appears depending
on the crystal orientation at 934 nm or 953 nm, respectively. Laser emission is
possible in a range between 1023-1060 nm, whereas the emission peak wavelength
λL is strongly dependent on the direction of polarization. Also the smoothness of
the emission spectrum is dependent on the light polarization and crystal orientation.

7.3.2. Broad-area laser diodes

In recent years, end-pumped bulk femtosecond lasers have made significant advances.
These advances are partially due to new laser host materials such as Yb doped
tungstates, but also to a large extend to the availability of high quality pump diodes
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Figure 7.3.: Typical layout and layer structure of a broad-area laser diode [24].

which allow for efficient pumping of those gain materials [85, 21, 22].
One major advantage of end-pumped solid-state lasers is that the pump beam

and the laser beam can completely overlap in the gain medium and no excess pump
power is wasted. Thus, the efficiency of end-pumped solid state lasers can be higher
compared to other laser types, for example flash-light or side-pumped lasers. Fur-
thermore, the heat load that is deposited in the laser medium can be kept at a
minimum. A sufficient condition for the case that both beams completely overlap
in the gain medium is given if both beams have a beam waist of approximately the
same size in the gain medium.In most cases, this is limited by the pump beam due
to its bad beam quality compared to the laser mode.
In particular for quasi-three level materials such as Ytterbium doped gain media,

the intensities need to be high to achieve transparency and efficient laser operation.
For common laser diodes with several tens of Watts of pump power, this implies
pump beam diameters in the range of 10-1000 µm. Additionally for mode-locked
lasers, high intensities help to suppress an unwanted modulation of the pulse train
due to Q-switching.
For laser diode bars or stacks where the output of several emitters is combined,

typicalM2-factors are on the order ofM2 ≈1×1000. With such values, one is limited
to rather short laser crystals or one has to use large pump spots. Short laser crystals
on one hand require a strong absorption in order to maintain high efficiencies which
can lead to strong thermal effects. Large pump spots on the other hand reduce the
laser efficiency. This is especially noticeable for Yb doped gain media with high
pump thresholds necessary to even achieve transparency. Advances are possible by
balancing the M2-value equally on both beam axes with the help of beam-shaping
optics like prisms or small lenses. With such beam-shaped diodes, M2-values on the
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Figure 7.4.: CCD-camera image of the beam profile of a 12 W broad-area diode. The cross
sections show the normalized intensity distribution along the slow- and the
fast-axis, respectively.

order of M2 ≈ 50× 50 can be achieved.
A further progress in simplicity and efficiency of end-pumped solid-state lasers

is possible by employing so called broad-area diodes [24, 25, 26, 89]. These laser
diodes can emit up to 47 W in cw-operation from a single emitter with a nearly
diffraction limited beam along the fast axis [89]. Along the slow axes M2-factors of
M2 ≈ 50 − 60 can be achieved for powers up to 18 W as with the diodes used in
this work. These diodes are based on MQW-structures as shown in Fig. 7.3. For
wavelengths around 980 nm, InGaAs is used as material for the MQW and GaAs and
AlGaAs for confinement-, cladding- and contact-layers. The facets are usually coated
with a dielectric Bragg structure. One facet provides a reflectivity of approximately
95%, whereas the other facet acts as ouptut coupling mirror with a reflectivity
around 10% [24]. The tremendous progress in high power laser diode technology
can be mainly attributed to two major developments. On one hand, a novel and
very thoroughly optimized design and structure of the epitaxial layers as well as the
choice of dopants reduces the ohmic series resistance and the free-carrier absorption.
At the same time, this novel design provides a waveguide structure which is known as
the large optical cavity (LOC) concept. Here, one uses a several hundred µm broad
and at the same time a rather thick waveguide, with thicknesses around 2-3 µm. The
thereby reduced modal gain is compensated by employing very long cavities with
lengths of more than 1 mm [24]. The LOC concept decreases the intensities on the
diode facets and additionally keeps the far-field divergence angle on the slow-axis
low. Even waveguides broader than 3 µm can be used in the so-called SLOC-concept.
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Figure 7.5.: a) Output power (black squares) and center wavelength (red triangles) of
an 18 W broad-area emitter at a constant temperature of T = 25◦C. Both
the shape of the spectrum and the center wavelength change with increasing
current. The reason for the jumps of the plotted center wavelength is a change
of the shape of the spectrum and a shift of the position of the pre-dominant
peak which was considered as center wavelength. b) Spectrum at T = 25◦C
for an output power of 18 W. Here the distinct peak was centered at 979.8 nm.

Here, a mode selection is necessary, which is possible since modes with a node in
the active area experience less gain and are discriminated against other modes. The
second major improvement which enabled the development of high-power broad-area
diodes is due to the tremendous progress in facet coating technology. The key point
is to provide very clean coatings on the facets, because even tiny absorption of light
leads to a vicious cycle of band-gap narrowing and more absorption, which finally
ends in a so-called catastrophic optical mirror damage (COMD) [89]. In fact, in
case of broad-area emitters, COMD is not the limiting factor for the output power
but a thermal roll-off, i.e. an decrease of the optical power due to non-radiative
losses. Further progress can be attributed to improved manufacturing techniques
and extremely high purities of the semiconductor materials and dielectrics that
are used, as well as improvements in wafer handling and manufacturing processes,
mainly MOCVD or MBE.

The typical beam profile of such a broad-area diode is that of an approximately
Gaussian-distribution of a diffraction-limited beam along the fast axis. Along the
slow axis, the beam profile is a pattern with several peaks that are formed due to a
superposition of many different transversal modes. Fig. 7.4 shows an image of the
beam profile of a 12 W broad-area emitter that was taken with a CCD-camera. The
cross sections show a nearly Gaussian distribution along one axis and a complex
pattern along the other axis.
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Figure 7.6.: The broad-area diodes were mounted in a sealed box. A: broad-area diode
in CCP-package, B: aspherical lens, C: xyz-translation stage, D: TEC and
Ni-coated copper plate, E: silica-gel, F: AR-coated laser window, G: thermis-
tor, H: feed-throughs for the electrical and thermistor connections as well as
connections for water-cooling.

In this work, we used two different types of broad-area emitters, that were provided
by the Ferdinand-Braun-Institut für Höchstfrequenztechnik, Berlin. The diodes with
the chip mounted on a CCP-package were capable to emit 12 W or 18 W, respec-
tively from a 200 µm wide emitter with a waveguide thickness of approximately
3 µm. The spectral width of the diodes was 3 nm and ∼4 nm, respectively (Fig. 7.5
b). All diodes were designed to operate at a wavelength of 981 nm at the maximum
current and temperatures of 20-25◦C. Fig. 7.5 a) shows the output power and center
wavelength of an 18 W broad-area diode in dependence on the current for a con-
stant temperature of T = 25◦C measured at the position of the temperature sensor.
Fig. 7.5 b) shows the corresponding spectrum at maximum current of I = 23 A.
The beam quality of these diodes is nearly diffraction limited with approximately
M2 ≈1.2 along the fast axis, and still with a very good beam quality of M2 ≈50-60
along the slow axis.

The diodes were mounted in a sealed box in order to protect them from dust and
humidity (Fig. 7.6). Inside the box, the diode was mounted on a Ni-coated copper-
plate which could be cooled by a TEC. In order to remove the heat, the whole box
could be water-cooled. The temperature of the plate in proximity to the diode was
measured with a NTC thermistor. In order to collimate the light along the fast
axis, an aspherical lens with a focal length of f = 3.1 mm was placed in front of the
diode. The lens could be adjusted by a xyz-translation stage. After assembling of
the box, a pack of silica gel was inserted inside the box to reduce the humidity.
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Figure 7.7.: Schematic of the employed flat-Brewster cut Yb:KGW crystal slab. The co-
ordinate system depicts the orientation of the laser polarization, propagation
direction, and the major direction of heat flow in respect to the crystal geom-
etry.
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Figure 7.8.: Wavelength dependence of the pump light absorption in the Yb:KGW crystal
for the non-lasing case (red squares). The black line indicates the spectral
intensity of a 12 W broad-area diode.

7.3.3. Geometry, orientation and properties of the Yb:KGW
slab

The described high-power laser oscillator in this work employs a slab laser crystal
design. By using a very thin but long gain medium, the heat can be removed along
the thin side and the laser light can propagate through the gain medium along the
long path length. In this way, problems due to too high inversion can be avoided
and sub-200 fs pulses are feasible.
Fig. 7.7 schematically shows the geometry of the employed Yb:KGW crystal. In

order to fully exploit the good beam quality of the broad-area diodes along the fast
and the slow axis, we decided to use an elliptical beam inside the laser crystal with
an ellipticity of ∼2. With such an elliptical beam, it is feasible to obtain the smallest
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possible beam diameters for which the confocal lengths along the fast and the slow
axis can be kept similar to the crystal length. To more easily match the laser mode
with such an elliptical pump mode, an end-pumped resonator design with a flat
Brewster-cut crystal was used. This concept proved to show good results for laser
crystals longitudinally pumped by laser diodes, see for example refs. [90, 91, 36]. The
flat side of our laser crystal was AR-coated for the pump-wavelength around 981 nm,
as well as for the laser wavelength around 1027 nm. As laser medium we employed
a Ng-cut oriented Yb:KGW crystal, with the laser- and pump-light polarization
both parallel to the Nm-axis. The absorption length in the crystal was 7 mm at a
doping level of 1at.% Ytterbium. Measurements showed, that approximately 95%
pump-light at 981 nm were absorbed in the non-lasing case (Fig. 7.8). The crystal
was 5 mm wide and 1.2 mm high. The heat was mostly extracted along the side of
1.2 mm height, and thus parallel to the Np-axis for which KGW shows the highest
thermal conductivity. This specific combination of crystal geometry and orientation
was chosen because it allows using a flat Brewster-cut crystal and yet keeping the
laser beam propagation direction parallel to the optical table, whereas the heat can
be extracted in the perpendicular direction. However, in this case one has to take
into account that the emission spectrum for the laser polarization along the Nm-axis
is less smooth than for the more commonly used polarization along the Np-axis. Due
to the long absorption length of 7 mm, the thermal load can be kept low and the
thermal lens can be very well treated as parabolic lens in proximity of the laser
mode, as discussed in more detail in the next section.

7.3.4. Experimental characterization of the thermal effects
and cw-operation of the Yb:KGW oscillator

To achieve stable cw-mode-locking, it is necessary to provide a laser resonator which
generates a nearly diffraction limited laser mode. With up to 18 W of pump light
absorbed in a few mm long crystal, as well as with peak powers on the order of
MW in mode-locked operation, both thermal and nonlinear optical effects in the
laser crystal, significantly influence the properties of laser oscillators. Therefore,
thermal effects and nonlinear optical effects need to be taken into account in the laser
resonator design and it is necessary to assure that these effects can be compensated
in the first place.
Before investigating nonlinear optical effects which will only be noticeable in

mode-locked operation, the influence of thermal effects were studied experimen-
tally as well as with a simple numerical model (section 7.3.5). As discussed in
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Figure 7.9.: The focal length of the thermal lens as well as the properties in cw-operation
were determined by investigating simple three-mirror resonators. The focal
length of the thermal lens was obtained by measuring the divergence angle
of the laser mode at the output coupling mirror. LD: laser diode, SL and
CL: one aspherical and two cylindrical lenses, respectively, HR: curved highly
reflective mirror, DM: dichroic mirror, OC: output coupling mirror.

Chapter 5.1, the thermal effects induced in an end-pumped gain medium that have
a direct influence on the laser mode. They can be described as a combination of
an ideal lens, the so-called thermal lens, plus additional higher order optical aber-
rations. In most cases, the ideal thermal lens can be easily compensated by the
resonator design as long as the focal length is not too short compared to the focal
lengths of the other optical components used in the resonator. Higher order optical
aberrations, however, distort the phase front of the laser mode in a more complex
and possibly random way and can not be compensated by simple measures. Such
aberrations would require a precise knowledge of the exact influence on the phase
front and a custom compensation for every laser configuration, or an averaging of
the phase front like in the zig-zag laser design [75]. Hence, for practical longitudi-
nally end-pumped femtosecond laser oscillators, it is of crucial importance to keep
higher order aberrations negligible.

In order to measure the focal length of the induced thermal lens and to test if
higher order aberrations on the laser mode destroy the phase front in such a way
that it would prevent mode-locking, various simple three-mirror resonators were
build (Fig. 7.9). As high-power broad-area emitters, a 12 W and a 18 W broad-
area emitter at 981 nm center wavelength were used. The pump beam with a
beam quality of M2 ≈1.2×50-60 was emitted from a 200 µm broad emitter with a
waveguide thickness of approximately 3 µm. The output beam was first collimated
with an aspherical lens with a focal length of f = 3.1 mm and then refocused through
a dichroic mirror into the laser medium with two cylindrical lenses with f = 200 mm
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and f = 50 mm focal length, respectively. The spot size inside the gain medium
had a calculated diameter of approximately D ≈200×400 µm2. The losses from all
three AR-coated lenses added up to approximately 9% of the pump light. The laser
resonators consisted of a flat dichroic mirror which also acted as one of the resonator
end-mirrors. Furthermore, two different curved mirrors with radii of R = 300 mm
and 200 mm, respectively, were used to focus the laser mode into the gain medium
in order to match the laser mode diameter to the pump beam diameter. A second
flat partially reflective mirror acted as output coupling mirror. The transmission of
the output coupling mirrors was varied between 2.5% and 5%.

Each laser resonator was optimized to provide an output beam with a beam quality
of M2 < 1.1. The beam quality was measured with a commercial beam propagation
analyzer (Coherent, Modemaster). The optimization of such a laser resonator is an
iterative process. The procedure is started with low pump powers for which the
thermal lens is still negligible and the pump power is step by step increased during
the optimization procedure. Starting with a resonator design that is optimized for
a thermal lens with an infinite focal length, the pump power is increased up to a
value for which a decay of the beam quality can be observed. At this point, the
focal length of the thermal lens is measured, and an adapted resonator is calculated.
This procedure has to be repeated until a beam quality of approximately M2 = 1
is achieved for the highest pump power. For such an adapted resonator, the beam
quality can be worse for lower pump powers, or the laser threshold can be much
higher compared to the starting resonator, because the thermal lens is required to
form a stable resonator.

The focal length of the thermal lens was obtained by comparing the experimen-
tally obtained value of the divergence angle of the laser mode at one position with
a ray-matrix calculation of the specific resonator. The thermal lens is thereby
treated as two simple cylindrical lenses, that are inserted into the center of the
gain medium (see Chapter 5.1). We measured the divergence angle of the output
beam of the resonator since it can be accessed most easily at this position. The
measurements were performed with the same beam propagation analyzer that was
also used to determine the beam quality (Coherent, Modemaster). In order to re-
liably retrieve the focal length of a thermal lens, it is necessary to keep the beam
quality as close to M2 = 1 as possible. A value of M2 > 1 can imply both, an
increased beam waist or an increased divergence angle compared to the ideal case.
In principle, the beam propagation analyzer could also retrieve the beam diameter
of the internal waist inside the laser resonator. Since both methods give identical
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Figure 7.10.: Focal length of the thermal lens along two axes induced by pumping the
Yb:KGW crystal with the 12 W broad-area diode. It was determined ex-
perimentally by measuring the beam divergence of the output beam of two
different three-mirror resonators. (squares: resonator with a curved mirror
with 200 mm radius, circles: resonator with a curved mirror with 300 mm
radius).

results, we decided for a measurement of divergence angles. Even though there exist
somewhat more precise experimental methods, for example based on measuring with
an additional probe laser [92] or Z-scan measurements [93], the method of measuring
divergence angles allows to conduct the experiment with the final setup and crystal
mount and no additional optics need to be inserted. Furthermore, by employing the
divergence angle method, the thermal lens can be exactly measured for the laser
wavelength, whereas for probe lasers mostly different wavelengths are used.
Fig. 7.10 shows the experimentally obtained focal length of the thermal lens in

dependence on the pump power for two different laser resonators that were both
pumped with the same 12 W broad-area diode. The black squares depict the results
obtained for a resonator with a curved mirror with a radius of R = 300 mm, whereas
the red circles show the results of a different resonator with a mirror with R =
200 mm. As indicated by the error bars, this experimental method exhibits many
uncertainties. Here, only the error of the divergence angle measurement and the
error of the measurement of the angle of incidence on the curved mirrors were taken
into account. Nonetheless, this method is sufficient to find optimized resonators that
can provide a beam quality of M2 < 1.1 for maximum pump powers of 12 W and
18 W, respectively (Fig.7.11). The obtained approximate values for the focal length
are sufficient for a suitable resonator design, both, for cw as well as for mode-locked
operation. Due to the remaining small uncertainties, each resonator usually needs
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Figure 7.11.: Output power (black curve, squares) and M2-values (circles: horizontal, tri-
angles: vertical) for a resonator pumped with a 12 W diode (a) and one
pumped with a 18 W diode (b), respectively. The laser wavelength was ap-
proximately 1030 nm in both cases and the pump wavelength ranged from
∼976 nm to 981 nm for the highest pump power in each case.

to be further empirically optimized in the lab after a simulation. Alternatively,
numerical simulations might offer a more accurate prediction of the focal lengths in
the future (section 7.3.5).
Fig.7.11 further shows that, in addition to a good beam quality, the optimized

laser resonators show a high efficiency. The maximum optical-to-optical efficiency
in cw-operation was η = 44% in the case of pumping with the 12 W diode resulting
in an output power of 5.3 W. In the case of pumping with the 18 W diode, an
efficiency of η = 43% at a maximum output power of 7.7 W was obtained. In the
first experiment, an output coupling transmission of 2.5% was used, whereas in the
latter experiment, a 5% output coupler was employed. The beam quality for the
resonator pumped by the 18 W diode (Fig.7.11 b) shows a large jump around 14-
16 W pump power. This behavior can either be attributed to a mismatch of the
specific thermal lens for these powers and the resonator layout. Another possibility
could be that the resonator was aligned in such a way to overlap the laser mode with
a peak of the pump beam profile. While the pump power is turned up, the pump
beam profile changes. Thus, the overlap between laser mode and peaks of the pump
beam profile changes while the pump power is turned up. Also a combination of
both explanations is possible. Besides that, the influence of the pump beam profile
can also be noticed in other measurements, as discussed later.
As mentioned above, we experimentally observed several effects that suggest a

significant influence of the specific beam profile of a broad-area emitter. For in-
stance, the dependence of the M2-value of the laser mode on the pump power can
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Figure 7.12.: Measurements of the thermal lens with the same 12 W diode. The squares
depict the measurements with the original collimation and the circles show
the results obtained after a slight re-alignment of the collimation lens.

be described for each section with a smooth behavior, whereas for some pump pow-
ers jumps of the M2-value appear. This behavior is for example very pronounced
in the diagram of Fig. 7.11 b) at a pump power of 14 W and for a pump power of
16 W. To a much weaker extend, the same behavior is also recognizable in Fig.7.11
a) for 11 W pump power. Another observation was made, when the aspherical col-
limation lens with f = 3.1 mm focal length in close proximity to the broad-area
emitters was slightly re-aligned by a lateral shift of only a few µm. Fig. 7.12 shows
the measured focal lengths before and after the re-alignment. Since this lens is very
close to the diode, it influences the diode output due to very small back-reflections.
If the lens is moved while the diode is emitting light, changes of the beam pattern
can be observed. A third observation could be made by exchanging the broad-area
diode with a different one and measuring the focal length of the thermal lens in
each case. Fig. 7.13 shows the experimentally obtained focal lengths of the thermal
lens for three different broad-area diodes. In all three cases, the beam diameters
inside the laser crystal were approximately identical. One recognizes, that it is even
possible to achieve a stronger thermal lens with 12 W pump power than with 18 W.
Employing even a pump power of 18 W and leaving all other parameters the same, a
completely different pump power-dependence of the thermal lens can be observed. If
the diode was from the same manufacturing run, the deviations between the diodes
were less pronounced than for diodes of different manufacturing runs. As supported
by numerical simulations in the next section, this behavior is probably due to the
resulting beam profile of a specific combination of lenses and diode. Furthermore,
the beam profile of one diode is not constant, but changes significantly for different
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Figure 7.13.: Measurements of the focal length of the thermal lens that were obtained
for pumping with three different broad-area diodes (one 12 W diode, two
different 18 W diodes). Even if the beam diameters were held the same in all
three cases, the thermal lens can be even stronger in the case of less pump
power.

power settings. Fig. 7.14 shows three images of beam profiles that were taken at
different pump powers. The irregular beam-profile along the slow-axis with pro-
nounced peaks, leads to huge deviations from the behavior that were expected from
a source with an ideal Gaussian or top-hat beam.

Due to the varying behavior concerning the thermal lens for different broad-area
diodes, either each diode needs to be experimentally characterized or, as shown in
section 7.3.5, the thermal lens can be to some extend predicted from a measured
beam profile. However, due to the big differences between the thermally induced
focal lengths for different diodes, the laser resonator needs to be adapted to each
diode individually. For lower pump powers, or with further laser diode development
in the future, the laser resonator design could be further simplified by the use of
tapered laser diodes that emit a beam with an intensity profile that is closer to a
Gaussian beam than the irregular beam of broad-area emitters [24, 94].

7.3.5. Numerical modeling of the thermal lens induced by
pumping with broad-area diodes

In order to further investigate the experimentally observed influence of the beam
profile of broad-area diodes on the thermal lens, the thermal effects in the laser
crystal were modeled numerically and compared to experimental results. All nu-
merical simulations described in the following section were performed according to
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Figure 7.14.: Normalized intensity distribution of beam-profiles of a 12 W broad-area taken
with a CCD-camera. The cross section plots visualize the intensity profile
along the slow- and the fast-axis. The images were measured after the first
aspherical collimation lens. One recognizes that the pattern along the slow-
axis varies for different power settings. The saturated picture (d) reveals the
full details of the beam profiles that are not visible on a linear scale.

the method described in Chapter 5. All experimental determinations of the focal
lengths were done according to the procedure described in Chapter 7.3.4.

Before comparing the numerical model according to Ch. 5 to the experiment, all
material parameters need to be identified or estimated. Many properties of Yb:KGW
still vary significantly in the literature. This can be due to variations of the proper-
ties from crystal to crystal, as well as general reasons such as the direction of crystal
growth [97]. Further uncertainties arise due to difficulties to achieve reliable mea-
surements for many parameters. For example, the thermo-optical parameter ∂n/∂T
is particularly vaguely known since it is difficult to distinguish the contribution of
the thermo-optical effect from the usually simultaneously occurring photo-elastic
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Figure 7.15.: Wavelength dependent values of the thermo-optic parameter ∂n/∂T for a
light polarization along each refractive axis as specified by the two references
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Table 7.3.: Material parameters that were used for the FEA simulations of the thermal
effects in the Yb:KGW crystal.

Parameter Value (|| axis) Ref.
a b c

Thermal cond. @100◦C k (W/mK) 2.6 3.8 3.4 [79, 80]
∂n/∂T (10−6 K−1) 0.4 [79, 88, 95, 96]
∂n/∂T (fit) (10−6 K−1) 0.2 0.9 -
Thermal-exp. coeff. αa,b,c (10−6 K−1) 4 3.6 8.5 [79]
Specific heat C (J/kg·K) 500 [80, 79]
Young’s modulus E (109 Pa) 112.4 152.5 94.2 [80]
Poisson’s ratio ν ∼0.3 [79]

effect. Furthermore, both effects are wavelength dependent, anisotropic and thus
often described in different principal coordinates. For instance, the value for the
thermo-optical parameters ∂n/∂T for a wavelength around 1030 nm and a polar-
ization along the Nm-axis varies between -1.0·10−5K−1 and +4.3·10−6K−1 in the
literature [80, 98]. In this work, a value close to ∂n/∂T = +0.4·10−6K−1 for laser
light around 1030 nm and polarized parallel to the Nm-axis was used. This deci-
sion was based on the specification of the crystal manufacturer [79], as well as on
several references that, to our experience, sufficiently considered the aforementioned
difficulties [88, 96, 95]. With the latter two references [96, 95], the wavelength depen-
dence of the thermo-optical parameter can be estimated, which further supports the
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choice of a very low, but positive value of ∂n/∂T (Fig. 7.15). Since reliable values
for the photo-elastic parameters are even harder to find than for the thermo-optical
parameter, and because the numerical model yields a higher error for the induced
stresses in the gain medium than for the temperature distribution, the thermo-optic
and photo-elastic effect were combined in one parameter. This was done by consid-
ering the thermo-optic parameter ∂n/∂T as a fit parameter with values based on
∂n/∂T = +0.4·10−6K−1 (see table 7.3). Further parameters which vary significantly
in the literature are the thermal expansion coefficients α. Many authors specify
these coefficients as a tensor αij” in the principal coordinates for thermal expan-
sion X1´, X2´, and X3´. This tensor can then be transferred to other coordinate
systems, for instance, into the thermal expansion coefficients in the refractive index
system αmpg. For example Pujol et al. [86] and Biswal et al. [98] specify the thermal
expansion coefficients as follows in the principal system of thermal expansion, and
in the principal system of the indicatrix, respectively:

α′′ij =


10.64 0 0

0 2.83 0
0 0 23.44

 · 10−6 K−1, αmpg =


11 0 7.1
0 2.4 0

7.1 0 17

 · 10−6 K−1.

In the following we used the approximate values for the thermal-expansion coef-
ficients αa = 4·10−6K−1, αb = 3.6·10−6K−1, and αc = 8.5·10−6K−1 along each
crystallographic axis as given by the crystal manufacturer and by Mochalov [79, 80].
Furthermore, we assumed the a-axis to be approximately parallel to the Nm-axis,
and the c-axis parallel to the Ng-axis.
Due the huge uncertainties for many material parameters, as well as the necessity

to consider some properties as fit parameters, the simulation outputs can only serve
as a rough prediction. Nonetheless, they can help to support explanations based on
experimental evidence. All material parameters of Yb:KGW and all fit parameters
that were used in the following simulations are listed in table 7.3. Furthermore, the
temperature dependence of the thermal conductivity was taken into account and
modeled with a 1/T behavior as expected for temperatures above 100 K [99], and
as supported by the results obtained by Aggarwal et al. [100].
In order to validate the numerical model and the employed material parame-

ters (table 7.3), we calculated the thermal lens induced in the Yb:KGW crystal by a
fiber-coupled 6.7 W laser diode with a beam quality of M2 ≈24×24. The unpolar-
ized light of the diode was focused to a circular pump spot of a diameter of 110 µm.
The maximum absorption amounted to 75% due to the different polarization of the
pump light. Fig. 7.16 shows a comparison between the numerical results and the
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Figure 7.16.: Focal length of the thermal lens induced in the Yb:KGW crystal by pump-
ing with a unpolarized fiber-coupled 6.7 W diode. The black squares show
the experimentally obtained values, whereas the red circles show the numer-
ical results. (hollow symbols: varying laser efficiency, full symbols: fixed
efficiency)

experimentally obtained values. The inset shows an image of the beam profile of
the fiber-coupled diode taken with a CCD-camera. The experimental values were
obtained by measuring the divergence angle of the output beam and comparing the
results to ray-matrix calculations as described in section 7.3.4. The simulations were
done for two different scenarios. In the first calculation (hollow symbols), the actual
measured laser efficiency was taken into account, i.e. the heat load was considered
as the amount of pump power that was not converted to laser light minus addi-
tional 5% accounting for further losses, such as reflections on the crystal surfaces
and lenses, non-ideal mirrors and so on. The other calculation was done for a fixed
rate of pump light converted to heat. Here, the laser efficiency at maximum laser
power plus the additional 5% were taken into account. In both calculations, the
beam profile of the pump beam was considered as a Gaussian distribution with the
M2-factor of this diode taken into account. Considering the huge uncertainties in the
material parameters of Yb:KGW, the simulations predict the behavior of thermal
lens sufficiently well. The simulations with a fixed rate of pump light converted to
heat seem to fit better to the experimental values. This behavior was also noticeable
with simulations of broad-area diodes, as shown later. This behavior could be due
to a stimulated excitation of anti-Stokes Raman scattering which leads to a conver-
sion of pump light to fluorescence light instead of heat [101]. Yb:KGW is known
to show strong Raman signals [88]. Another reason for the deviation for low pump
powers (here below ∼5.5 W) could be that some part of the laser losses are due to
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Table 7.4.: Laser parameters for each level of pump power that were assumed for the
simulation of the thermal lens induced by a 12 W broad-area emitter with
M2 = 50×1.2. All values were determined experimentally during cw-operation
of the laser at a constant pump-beam diameter of D = 400 × 200 µm2 for all
cases. The rate of pump light that is converted to heat, ηP→heat, was considered
as the difference between pump and laser power minus an estimated additional
loss of 5%.

Ppump (W) Plaser (W) λpump (nm) ηP→heat Abs. coeff. (m−1)
12.0 5.28 981.0 0.51 380
11.4 4.54 980.4 0.55 344
10.7 3.66 979.4 0.61 295
10.0 2.58 978.8 0.69 254
9.2 1.51 978.0 0.79 198

re-absorption of laser light. This absorption would be homogeneously distributed
over the full crystal length as opposed to the exponentially decaying pump light.
However, since the simulation model remains relatively simple and many material
parameters are not considered or imprecisely known, this numerical model should
not be stressed too much and only be considered as a guideline for the laser design.

As discussed in section 7.3.4, one can notice effects that suggest a strong in-
fluence of the specific beam profile of a broad-area diode on the thermal effects
induced in the gain medium. In order to further investigate this observation, the
thermal effects in the Yb:KGW crystal induced by a 12 W broad-area diode with
a beam-quality of M2 ≈50×1.2 were simulated. Fig. 7.17 shows the results of the
simulations (red circles) in comparison to the experimental results (black squares).
The simulations were performed for three different settings. Each setting was ad-
ditionally calculated for a fixed and an adapted conversion rate of pump power to
heat. The input parameters for each pump power level were chosen according to
experimentally observed values. The used parameters are summarized in table 7.4.
If the conversion rate of pump power to heat was assumed to be fixed, a value of
ηP→heat = 0.51 was chosen. Fig. 7.17 a) shows the numerical results that were ob-
tained by assuming a Gaussian intensity distribution of the pump light with the
beam diameters of D = 400 × 200 µm2 as calculated by the ray-transfer matrix
method and M2 = 50×1.2. This is the pump light distribution as predicted by
calculations with the diode specifications. Besides that, experiments showed that
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Figure 7.17.: Comparison of experimentally obtained values of fthermal (black squares)
with numerical results (red circles). The thermal lens was induced by a 12 W
broad-area diode. The full red circles depict simulations with a fixed rate of
pump light converted to heat, whereas for each hollow symbol, the measured
optical-to-optical efficiency was taken into account individually. The experi-
mental values were compared to three different numerical models: a) Model
with a Gaussian pump light distribution with beam diameters calculated ac-
cording to the diode specifications. b) A heuristic approach with a Gaussian
pump light distribution as in a), but twice the horizontal beam diameter. c)
A Model with the pump beam profile described by a superposition of two
different Hermite-Gaussian beams.
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Figure 7.18.: Comparison of experimentally measured beam profiles of a 12 W broad-
area diode (black lines) with fitted superpositions of two Hermite-Gaussian
modes (red lines).

the diameters of the Gaussian distribution obtained in this way, are also relevant
for calculating the necessary laser beam diameters. For example, for the most ef-
ficient cw-operation with a diffraction limited laser beam, the laser mode should
be of approximately the same size as the calculated diameter along the slow axis
and slightly smaller than the calculated diameter along the fast axis. Those are
general guidelines which are valid for pump diodes with a nearly diffraction limited
beam profile along the fast axis and an approximately flat-top beam profile along
the slow axis. Horizontally increasing the pump mode in the experiment to twice
the horizontal laser mode diameter, resulted in a value of M2 ≈2 for the laser beam
along the horizontal direction. However, the focal lengths that are predicted by
the simulation shown in Fig. 7.17 a) are significantly shorter than the experimental
values. Thus, two different approaches were examined. A merely heuristic approach
is shown in Fig. 7.17 b). It shows the same comparison, however, with an assumed
Gaussian pump-light distribution with twice the horizontal diameter, i.e. a diameter
of D = 2 · 400× 200 µm2 and M2 = 50×1.2. This would be misleading for the de-
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Table 7.5.: Fit parameters A, B, and wx,0 for each power level that were used to model the
horizontal beam profile by a superposition of zeroth and first order Hermite-
Gaussian modes.

Ppump (W) wx,0 (µm) A B
12.0 150 2.0 -0.2
11.4 150 1.5 +0.2
10.7 150 0.6 +0.2
10.0 150 1.2 +0.2

sign of the laser resonator regarding optical properties. Nevertheless, the numerical
results fit the experimental results quite well for pump powers above ∼10 W. The
deviations for lower pump powers could be due to the same reasons as discussed
above for pumping with the fiber-coupled diode. This heuristic approach of twice
the horizontal beam diameter was suggested by considering the beam profile of a
broad-area diode. The insets in the upper left corner of Fig. 7.17 show CCD-camera
images of the beam profile for a pump power of 12 W. The upper image shows a
linear plot with the diameter of the assumed Gaussian beam indicated by the small
black arrow. A saturated image reveals the full details of the beam profile. Prob-
ably the thermal effects caused by the pump-beam cannot be correctly described
by assuming a perfect Gaussian distribution, whereas the influence of the pump
beam profile on the laser mode is still be predicted correctly with the results of
ray-matrix calculations with the M2-factor taken into account. In order to develop
a more physical assumption for the simulations, the pump beam intensity profiles
were modeled in the horizontal direction by a superposition of Hermite-Gaussian
modes of the first and zeroth order [48, 102]:

I(x, y, z) = C ·
(
A ·H1

( √2x
wx(z)

)
+B ·H0

)2
· exp

(
−
( 2x2

wx(z)2 + 2y2

wy(z)2

))
, (7.2)

whereas H0 is the fundamental order Hermite-polynomial H0 = 1, H1 is the first
order polynomial H1(x) = 2x, A and B are fit parameters, and C is a normalization
constant to ensure that

∫ ∫
I(x, y, z)dxdy = P :

C = P

πwx(z)wy(z) ·
1

A2 +B2/2 . (7.3)

Besides the parameters A and B, also the minimum pump beam waist wx,0 in-
side the laser crystal was considered as fit parameter. The combinations used of all
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three parameters for each power level are summarized in table 7.5. The diagrams in
Fig. 7.18 show the modeled horizontal beam profiles (red curves) in comparison to
the experimental profiles (black curves) for four different levels of pump power. The
results of the numerical simulations of the thermal lens with these fitted beam pro-
files are shown in Fig. 7.17 c). The agreement with the experimental results is better
compared to the simulations with a regular Gaussian intensity distribution (Fig. 7.17
a). However, compared to the simulations with twice the horizontal beam diame-
ter (Fig. 7.17 b), the results still show larger deviations. These deviations might be
partially due to the higher numerical errors compared to simulations with Gaussian
intensity distributions because of the irregular beam profile. Nonetheless, this model
of a superposition of two Hermite-Gaussian modes for the horizontal beam profile
is most likely still too simple and can be improved by taking further higher order
modes into account.

In conclusion, the outcome of these simulations can be taken as a strong indication
that for high-power broad-area diodes the distinct peaks of their beam profile result
in a significantly different thermal lens compared to diodes with Gaussian or top-hat
beam profiles. Thus, these peaks in the beam profile need to be taken into account
for valid simulations of the thermal lens induced by broad-area diodes. Opposed
to fiber coupled diodes for example, assuming a Gaussian intensity distribution for
simulations of the thermal effects induced by broad-area diodes, resulted in a bad
agreement of numerical and experimental results of the focal lengths of the thermal
lens. Further work still needs to be done in order to improve this numerical model
of the thermal lens. Nonetheless, the approach of modeling the horizontal beam
profile as a superposition of higher order modes is promising to lead to a method
which can derive the thermal lens induced by broad-area diodes by measuring their
specific beam profile.

7.3.6. Comparison between Ng-cut and athermal orientation
of Yb:KGW for the slab-laser geometry

A very nice feature of Yb:KGW is the possibility of the so-called athermal orientation
of the laser crystal which can reduce the thermal lens tremendously [98]. For such a
crystal orientation, a negative value of ∂n/∂T can exactly compensate the influence
of the thermal expansion and bulging of the laser crystal. Therefore, the thermal lens
can be very weak over a wide range of pump powers. For the athermal orientation,
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the following condition needs to be fulfilled [98]:

∂n/∂T + (n− 1) · α = 0, (7.4)

with the index of refraction n, the thermo-optic parameter ∂n/∂T , and the thermal-
expansion coefficient α along the direction of polarization, respectively. One can
notice that for a laser light polarization under a specific angle with respect to the Ng-
axis, the thermo-optic parameter can become negative while the thermal-expansion
coefficients remain positive (Fig.7.15). A realization of an Yb:KGW laser with
the laser crystal in athermal orientation was successfully shown by Hellström et
al. [103]. The Ng-cut crystal orientation, as used in this work, does not allow for an
athermal orientation because even though the thermo-optic parameter is very low,
it is still positive. However, with the Ng-cut orientation it is possible to remove the
heat mainly along the b-axis which shows the highest thermal conductivity while
simultaneously orienting the laser polarization closer parallel to the a-axis than it
would be possible for the athermal orientation. Since the emission cross sections are
highest along the a-axis, the Ng-cut orientation allows for the lowest heat load due
to efficient heat extraction through heat conduction on one hand, and most efficient
laser operation on the other hand. In conclusion, both crystal orientations are well
suited to build efficient longitudinally diode-pumped high-power bulk lasers. The
Ng-cut orientation allows for a more efficient heat removal from the crystal while
the athermal orientation takes a stronger heating into account but can compensate
the thermal effects.

In this work, we decided for the Ng-cut orientation in order to find a crystal
geometry which allows for a practical experimental setup but yet meets all of our
requirements such as support of a flat Brewster-cut geometry and efficient heat re-
moval. In addition to that, to our experience, it is more important to most efficiently
remove the heat from the laser crystal and to try keeping the thermal lens as close to
an ideal lens as possible by employing a thoroughly designed crystal cooling. Then
the thermal lens can be taken into account in the laser resonator design. Even if
the thermo-optic effect and the thermal expansion can compensate each other with
an athermally oriented crystal, still higher order optical aberrations can appear,
for example due to the photo-elastic effect. By employing the Ng-cut orientation,
we could achieve a nearly diffraction limited laser mode for pump powers of up to
18 W (M2<1.1), while in comparable athermal setups, for example ref. [103], the
beam quality was limited to M2 ≈1.5.
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Figure 7.19.: Schematic of the laser setup: LD denotes the pump diode; SL and CL repre-
sent an aspherical and two cylindrical lenses, respectively. HR are highly re-
flective mirrors, DM is a dichroic mirror, GTI are dispersive mirrors,SESAM
is a saturable absorber mirror, and OC denotes the output coupling mirror.

7.3.7. Experimental setup of the femtosecond 44 MHz oscil-
lator

The experimental setup of the mode-locked 44 MHz oscillator is schematically shown
in Fig. 7.19. As pump diode, a 200 µm broad-area diode capable of providing 17.9 W
at 981 nm was employed. The pump optics were identical to the setup described
in section 7.3.4. The pump light was first collimated by an anti-reflection coated
aspherical lens with a focal length of f = 3.1 mm and refocused into the Yb:KGW
crystal by two spherical cylindrical lenses with a focal length of f = 200 mm and
f = 50 mm, respectively. For this set of lenses and the particular 18 W broad-area
diode, the pump light was focused to a diameter of approximately 370×190 µm2

inside the laser crystal. This estimation is based on ray-transfer matrix calculations
and agrees well with the experimental values for the optimum laser mode diameter.
The losses from all three lenses summed up to approximately 9% of the pump light.
The flat side of the laser crystal was anti-reflection coated for both the laser- as
well as for the pump-wavelength around 1027 nm and 981 nm, respectively. The
Brewster-cut crystal surface was uncoated. The laser mode was focused into the
laser crystal with a curved mirror with a radius of curvature of R = 300 mm,
resulting in a beam diameter of approximately 400×200 µm2. The laser resonator
was extended by a second curved mirror with a radius of R = 2000 mm to achieve
an overall resonator length of 3.4 m, corresponding to a repetition rate of 44 MHz.
Finally the laser beam was focused onto the SESAM by another curved mirror with
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Figure 7.20.: Linear ray-transfer matrix calculations of the beam waist at each position
inside the laser resonator. Yb:KGW: position of the gain medium which also
acts as one resonator end-mirror, SESAM: position of the saturable absorber
mirror which acts as the second end-mirror, OC: approximate position of the
output coupling mirror.

R = 1000 mm.
The SESAM acted as the second resonator end-mirror. An additional mirror was

used output coupling mirror. For all experiments in the mode-locked regime, we
used an output coupling mirror with a reflectivity of R = 95%, resulting in an effec-
tive output coupling loss of 10% per round-trip (Fig. 7.19). A single output beam
could be obtained by coupling out through the dichroic mirror at the pump side of
the laser crystal. Another possibility to achieve only one output beam would be to
employ a V-shaped resonator design where the beam path inside the crystal is folded
in a V-shape. Such a V-shaped resonator design could be similar to reference [91].
However, the solution with a V-shaped resonator increases the accumulation of self-
phase modulation per round-trip. Therefore, employing a dichroic coating seems to
be the most straightforward method. The thermal lens was taken into account and
the resonator length was adjusted in order to achieve a repetition rate of 44 MHz.
The beam waist along each position in the resonator for cw-operation is shown in
Fig. 7.20. The positions of the gain medium and the saturable absorber mirror are
marked with Yb:KGW and SESAM, respectively. Furthermore, the approximate po-
sition at which the output coupling mirror was inserted is indicated. In mode-locked
operation, nonlinearities in the gain medium influence the resonator properties. The
primary nonlinearity is the optical Kerr effect which leads to the formation of a Kerr
lens. Hence, the laser resonator needs to be adjusted to compensate for this lens-
like effect. The compensation of a Kerr-lens for the chosen resonator can easily be



90 Chapter 7: Multi-Watt 44 MHz femtosecond supercontinuum source

0 1 2 3 4 5 6
0

150

300

450

600

750

B
e
a
m

w
a
is

t
(�

m
)

Output power (W)

0

200

400

600

800

1000
/ waist laser medium

/ waist SESAM

pulse width

D
2

= -13200 fs2

P
u
ls

e
w

id
th

(f
s
)

Figure 7.21.: Simulation of the output power dependence of the beam waist inside the gain
medium (black lines), as well as on the SESAM (gray lines). The beam waists
are shown for the tangential (solid lines) and the sagittal plane (dashed lines),
respectively. The expected pulse width is depicted by the red squares. The
calculation were performed for an inserted GDD of -13200 fs2 per round-trip.
The deviations to the experimental results are due to numerical problems.

achieved by reducing the distance of the SESAM to the curved mirror. For a suitable
resonator it is beneficial if it is insensitive with respect to lens effects inside the gain
medium. In particular when employing broad-area pump diodes, such a resonator
design allows for a simpler replacement of the pump diode if necessary. Fig. 7.21
and Fig.+7.22 show simulations of the beams waists inside the gain medium (black
lines), as well as on the SESAM (gray lines) in dependence on the output power.
The simulations were done for two different amounts of inserted GDD and for both
planes, tangential (solid lines) and sagittal (dashed lines), respectively. Furthermore,
the distance between SESAM and the curved mirror was decreased by 10 mm over
the output power range of 0 W to 7 W. The expected pulse width is indicated by
red squares. The simulations were done by the extended ray-transfer matrix method
as described in Chapter 5.2. Due to numerical problems in our model as discussed
in Chapter 5.2, also the huge nonlinear index of Yb:KGW of n2 = 20 · 10−16cm2/W
leads to numerical instabilities and discrepancies compared to the experimental re-
sults. However, these simulations could still be used to find a suitable resonator for
mode-locking. The exact laser parameters were determined experimentally.

The used laser resonator was designed to operate in the middle of the stabil-
ity regime, i.e. Kerr-lens mode-locking did not play a dominant role for pulse
generation. Therefore, in order to operate the laser in the solitary mode-locking
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Figure 7.22.: Simulated output power dependence of the beam waist inside the gain
medium (black lines), as well as on the SESAM (gray lines) for an inserted
GDD of -8800 fs2 per round-trip. The expected pulse width is depicted by
the red squares. The resonator instability starting around ∼3 W output
power are due to numerical problems.

regime [34, 35], net negative dispersion (GDD) per round-trip was introduced into
the resonator by Gires-Tournois interferometer (GTI) mirrors, and a saturable ab-
sorber mirror [36, 37, 39] was introduced as one end-mirror. The mode size on the
SESAM was estimated to be approximately 600×800 µm2. Two different SESAMs
were used. The first SESAM had a saturable absorption (modulation depth) of
∆R = 0.4% and a saturation fluence of 120 µJ/cm2. The second SESAM had
a slightly higher saturable absorption of ∆R = 0.5% and a saturation fluence of
70 µJ/cm2. The employed saturable absorbers are commercially available low-finesse
anti-resonant SESAMs designed for a center wavelength of 1030 nm and 1070 nm,
respectively. All SESAM parameters in this work are given according to the man-
ufacturer’s specifications. Both SESAMs were able to stably mode-lock the laser.
However, the second SESAM was operated at the limit of its design wavelength-
range which lead to laser pulses which were longer than the transform limit, as will
be discussed later. The pulse width could be modified by changing the number of
bounces on the GTI mirrors and thus varying the amount of negative dispersion per
round-trip.

7.3.8. Mode-locked properties of the Yb:KGW oscillator

The maximum output power in pulsed operation did depend on the pulse width
and therefore on the amount of GDD per round-trip as well as on the saturable
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Figure 7.23.: Autocorrelation traces and spectra measured for three different laser con-
figurations. Figs. a) and b) show measurements for the same amount of
inserted GDD but two different SESAMs. Figs. b) and c) show the results
for the same SESAM but a different amount of GDD. The SESAM param-
eters were ∆R = 0.5%, Fsat = 70µJ/cm2, λdesign = 1070 nm (SESAM I)
and ∆R = 0.4%, Fsat = 120µJ/cm2, λdesign = 1030 nm (SESAM II), respec-
tively. The differences between these three configurations are discussed in
the text.

losses (modulation depth) and GDD of the employed SESAM. Fig. 7.23 shows three
examples for different amounts of dispersion and different modulation depths of the
SESAM. The maximum output power of 5.1 W at a pulse width of 265 fs and a
repetition rate of 44 MHz was achieved at an inserted GDD of approximately -
13200 fs2 and a SESAM with a modulation depth of ∆R = 0.5% (Fig. 7.23 a). The
pump power was 17.8 W, resulting at an optical-to-optical efficiency of 29%. With
the same amount of GDD but a different absorber with ∆R = 0.4% modulation
depth, the pulse width decreased to 224 fs at an output power of 4.9W (Fig. 7.23
b). Using the same SESAM but changing the GDD to -8800 fs2, did result in the
shortest measured pulse width of 161 fs at an output power of 4.1 W. This power
was obtained for a pump power of 17.6 W, which results in an optical-to-optical
efficiency of still more than 23%. The beam quality in all cases was measured to be
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Figure 7.24.: Measurement of the output power for a laser configuration with an inserted
GDD of -13200 fs2 per round-trip and the SESAM with a modulation depth
of ∆R = 0.5%. The intensity noise was determined to be 0.35% rms over
one hour.

diffraction limited with a M2 value of less than 1.1.
The laser did start in mode-locked but in cw-operation. However, mode-locking

could be easily initiated by a gentle tap on the optical table, and after initiation
it remained stable for hours. The output power fluctuations were measured to be
0.35% rms over one hour (Fig. 7.24).
In all setups in which the SESAM with ∆R = 0.4% was used, the maximum

output power was limited by the appearance of cw-breakthroughs. In the case with
the SESAM with a slightly higher modulation depth of ∆R = 0.5%, the output
power was only limited by the available pump power. However, while the pulses
with the 0.4% saturable absorber were transform limited with a time-bandwidth
product of 0.33-0.34, the setup with the 0.5% absorber showed a slightly increased
time-bandwidth product of 0.45 (Fig. 7.23). This increase was due to the operation
of this SESAM very close to the limit of its design wavelength range. According to
the specifications of the manufacturer, the lower wavelength limit of this SESAM is
around 1025 nm. Due to the also higher non-saturable losses for this wavelength,
the laser wavelength was additionally shifted from 1027 nm towards 1025 nm.
Fig. 7.25 shows a typical dependence of the output power and the efficiency on the

pump power for the case with a SESAM with a low modulation depth of 0.4%. The
introduced GDD in this case was -13200 fs2 per round-trip. The distance between
SESAM and the curved mirror was changed while increasing the pump power. Close
to the laser threshold around 15.7 W the laser operated in the cw-regime. For
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Figure 7.25.: Typical measurement of the output power (circles, triangles, squares, and
diamonds) and optical-to-optical efficiency (crosses) for the case of a low
modulation depth of ∆R = 0.4%. The amount of inserted GDD accounted
to -13200 fs2 per round-trip. The insets show the laser spectrum for various
pump powers and operation regimes: 1: spectrum for cw-mode-locking, 2:
cw-breakthroughs for higher pump powers, 3: narrowing and modulation of
the spectra for high pump powers. The region of pure cw-mode-locking can
be expanded to the maximum pump power by slightly increasing the SESAM
modulation depth.

increasing pump powers, we observed a small region of Q-switching followed by a
broader region of stable cw-mode-locking. Further increasing the pump power above
∼17.2 W lead to cw-breakthroughs or to a narrowing and modulation of the laser
spectrum. This narrowing and modulation was due to a break-up into multiple
pulses. As mentioned above, the upper pump power limit for cw-breakthroughs
could successfully be extended to the full pump power by employing a SESAM with
slightly higher modulation depth. This extended the range of pure cw-mode-locking
up to the full pump power.

All measured laser spectra showed a slight modulation which could be attributed
to an etalon-like effect due to spurious reflections from the parallel surfaces of the
laser crystal and the dichroic mirror with an approximately 1.2 mm wide gap between
them. This effect also reduced the efficiency because, in order to mode-lock the
laser, the laser crystal needed to be slightly rotated off the optimum orientation
in respect to the main refractive axes. In this way the Fabry-Perot or etalon like
effect can be reduced which facilitates mode-locking [104]. Since the laser crystal
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was cut without a wedge, a small angle did arise between the propagation axis and
the optical axis which thus leads to slightly increased losses due to polarization
rotation. Therefore, the laser efficiency could be further increased by taking this
effect into account, for instance, by cutting the laser crystal with a small wedge.
However, the B-integral (Eq. 4.8) for Pout = 5 W output power and a pulse width
of τ = 224 fs accounted to B = 4.87. Therefore, for a further increase of the output
power, for example by employing a second pump diode, maybe a stability limit can
be reached. If this will be the case, perturbations due to nonlinear effects can be
avoided by increasing the mode diameter inside the gain medium or by increasing
the repetition rate.
The laser was successfully used for second harmonic generation. In a 4 mm long

LBO crystal (θ = 90◦, φ = 13.8◦), a conversion efficiency of more than 50% was
achieved. One of the two output beams was sent through a Faraday isolator, a
half-wave plate to adjust the polarization, and focused into the LBO crystal by an
achromatic lens with a focal length of f = 50 mm. Approximately 2.1 W incom-
ing laser power onto the LBO crystal was converted to 1.1 W at a wavelength of
λSHG=512 nm.

7.4. Generation of high-power femtosecond super-
continua

7.4.1. Supercontinua generated by tapered fibers

The laser was successfully used to generate supercontinua with tapered fibers. One
of the two output beams was sent through a half-wave plate, a Faraday-isolator,
and then coupled into a tapered fiber. The laser generated pulses of approximately
224 fs width. The output power in one beam was 2.4 W. After the Faraday-isolator
up to 2.1 W remained. The laser beam was coupled into the tapered fiber by a
10 × microscope objective with an NA of 0.3. Fig. 7.26 shows the spectral output
for three tapered fibers with different taper waist diameters between 3-5 µm. The
waist lengths of all fibers was approximately 6 cm. With 2.1 W pump power up to
1.3 W average whitelight power could be achieved with 5.0 µm waist diameter. The
spectrum ranged from approximately 650 nm to 1450 nm, resulting in a spectral
intensity of more than 1.5 mW/nm. By decreasing the waist diameter to 3.8 µm
the spectrum becomes broader. However, the coupling losses in the taper region
increase so that the overall average power decreases to 1.1 W. Very broad spectra
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Figure 7.26.: Supercontinua generated with 224 fs pulses. An input power between 1.9 W
and 2.1 W was coupled into different tapered fibers with 3.1 µm (solid line),
3.8 µm (dashed line), and 5.0 µm (dash-dotted line) waist diameter and
90 mm waist length. The overall average whitelight output power was 0.9 W,
1.1 W, and 1.3 W.

between 420 nm to over 1750 nm with an overall average power of 0.9 W at 1.9 W
input power were achieved by decreasing the waist diameter to 3.1 µm (see black
curve in Fig. 7.26).
As a further experiment, spectrally filtered sections of supercontinuua were in-

vestigated. In order to do this, different interference filters were placed behind the
fiber output. The stability of a spectrally narrow filtered section of a supercontin-
uum is dependent on the filter central wavelength and filter bandwidth. Fig. 7.27
shows a measurement of the intensity noise of 10 nm broad filtered sections of a
supercontinuum generated by coupling approximately 1 W average power at 265 fs
into a tapered fiber with 2.9 µm waist diameter. At an overall average power of
500 mW this specific combination is suitable to generate high spectral intensities
of several mW/nm around 500 nm and in the near infrared. In order to charac-
terize the intensity noise, the power of the spectrally filtered light was measured
over 10 minutes and the noise was derived in relation to the average power of the
filtered light. The spectrum was first filtered with either a short-pass or a long-pass
filter. Then the specific wavelength was selected with a band-pass filter. The in-
tensity measurements were performed with a photo-detector with a 3dB-bandwidht
of f3dB = 1 MHz (New Focus, model 2031). In the near infrared for wavelengths
longer than the laser wavelength (around 1100-1500 nm), the noise was measured
to range between 0.5% to 2% rms. The intensity fluctuations increased to 3-4% rms
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Figure 7.27.: Measurements of the intensity noise of 10 nm broad spectrally filtered sec-
tions of a supercontinuum with high spectral intensities around 500 nm as
well as in the near infrared (black curve). The squares denote the noise at
different center wavelengths over 10 minutes. The dashed line indicates the
noise level of the laser oscillator over one hour.

in the visible regime around 500 nm. A similar behavior of increased noise in the
regime of dispersive waves but lower noise around the pump wavelength and in the
region of Raman solitons in the infrared was observed before, for instance by Corwin
et al. [105]. The reason for this behavior can be attributed to the effects causing
the conversion of light at certain wavelengths. While spectral components in the
infrared mostly originate from soliton-self-frequency-shifts of fundamental solitons
caused by Raman scattering, light at visible wavelengths is generated at the be-
ginning of the SC generation by the emission of non-solitonic radiation during the
fission of higher-order solitons [3, 105]. The red-shifted fundamental solitons pro-
duce little noise due to the intrinsic stability of their temporal envelope. However,
the higher order solitons at the beginning of the SC generation process are noisy,
for example because of laser fluctuations or unstable fiber coupling. This noise is
then further amplified due to modulation instabilities [105, 106].

7.4.2. Supercontinuum generation in polarization-maintaining
PCF

To investigate the possibility of the generation of polarized femtosecond super-
continua, one of the two output beams was coupled into ∼20 cm of polarization-
maintaining PCF (Thorlabs, NL-PM-750). In contrast to conventional polarization
maintaining fibers with a solid core an induced birefringence by stress rods (PANDA),
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Figure 7.28.: Measurement of the spectral intensity noise of a supercontinuum generated
in a polarization-maintaining PCF. The solid black curve shows the achieved
spectrum with an approximate output power of 75 mW. The red squares and
green circles show results of measurements of the intensity noise of 10 nm
spectrally filtered sections of this supercontinuum with an polarizer inserted
or removed in front of the photo-detector, respectively.

the birefringence in PCF can be obtained by an asymmetric pattern of holes, see
for example ref. [107]. The fiber used in this experiment had a zero-dispersion
wavelength of 750 nm, and a core field diameter of D = 1.8 µm. Due to the
small mode field diameter, the input power had to be attenuated to approximately
Pin = 300 mW. For higher input power, the front facet of the PCF was damaged. Af-
ter cleaving a damaged facet, the maximum coupling efficiency could be re-produced.
By coupling into the fiber with a 60× microscope objective, a conversion efficiency
of 25% and a maximum output power of Pout = 75 mW were obtained. The input
light was linear polarized at a center wavelength of 1027 nm and a pulse width
of approximately 250 fs. The input polarization was rotated by a half-wave plate
parallel to one refractive fiber axis in such a way, that the output beam was also
linear polarized. This was tested with a Glan-Thomson polarizer for the case of cw
operation and for the laser wavelength. The spectrum of the generated supercontin-
uum is shown by the black curve in Fig. 7.28. In order to measure the polarization
stability of spectrally filtered sections of the output beam, the intensity noise was
measured, according to the method described in section 7.4. The intensity noise
with respect to the rms power is shown for different wavelengths for a measurement
without polarizer (red squares), and behind a polarizer (green circles). The gen-
eral wavelength dependence of the noise is similar to the results found for tapered
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fibers (see section 7.4). The difference between the measurements with and without
polarizer is very small. The bigger differences for visible wavelengths might be due
to the overall increased noise in this regime.
The results of these measurements show, that femtosecond supercontinua can be

generated with a stable linear polarization of the output beam and even for small
spectrally filtered sections. By employing a PCF with a larger core-field diameter, it
should be possible to increase the power that can be coupled into such a PCF without
destruction of the fiber facet. Also fiber pigtails with larger core-field diameters could
help to couple more light into the PCF by providing larger core field diameters on
the input facet.

7.5. Conclusion
We presented a novel, simple, and highly efficient design for a multi-Watt femtosec-
ond oscillator capable to generate laser pulses shorter than 200 fs. The development
of this new source allowed for the realization of a compact femtosecond supercon-
tinuum source with more than 1 W average power. This research contributes to the
current work on slab lasers with Ytterbium doped tungstates. We could show that
the Ng-cut orientation of Yb:KGW, which is only little regarded up to now, allows to
build efficient high-power femtosecond oscillators and can provide better results than
using Yb:KGW in the athermal orientation. Furthermore, we could show that the
efficiency of diode-pumped femtosecond slab lasers can be significantly increased by
employing high-power broad-area diodes. By pumping the laser with a single broad-
area diode, an average power of more than 5 W with an optical-to-optical efficiency
of more than 28% was achieved. With a pulse width of 161 fs, the optical-to-optical
efficiency was still more than 23% which is to our knowledge the highest value for a
diode-pumped femtosecond laser with this pulse-width and output power.
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Chapter 8
Summary

In summary, we demonstrated two compact, stable, and cost-effective femtosecond
supercontinuum sources. We developed two suitable laser oscillators for this pur-
pose and demonstrated the generation of femtosecond supercontinua with over one
Watt average power. Furthermore, a comprehensive study of the properties of such
supercontinua was presented. Based on former results of supercontinuum genera-
tion with diode-pumped lasers, we focused our investigations on Ytterbium lasers
as pump sources for tapered fibers and PCF. The results described in this work can
be classified into two fields:
1. Research in the field of diode-pumped sub-200 fs Ytterbium laser oscillators as
well as a detailed study of the potential of broad-area diodes as pump sources for
such lasers.
2. The characterization of the properties of femtosecond supercontina generated in
tapered fibers and PCF with pump wavelengths around 1 µm.

The main part of this work focused on the research in the field of diode-pumped
sub-200 fs laser oscillators. At first, a 20 MHz Yb:glass oscillator was developed
that can replace the widely used Ti:sapphire lasers. The laser is capable to generate
pulses as short as 147 fs and output powers of up to 800 mW. By designing the
laser resonator with a Herriott-type multi-pass cell, the setup of the oscillator fit
onto a footprint of only 20×60 cm2. In a second approach, the average power was
scaled to multiple Watts. While for pulse durations longer than 200 fs, several tens
of Watts of average power can be achieved very efficiently with thin-disk lasers, it
is still a challenging task to generate multi-Watt average power laser pulses shorter
than 200 fs directly from a laser oscillator. Challenges arise for example due to gain
narrowing or nonlinear effects. A concept which recently found increasing attention
is the so called slab laser concept. Due to novel gain materials such as Ytterbium
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doped tungstates as well as advances in laser diode technology, significant progress
in multi-Watt average power sub-200 fs laser oscillators has been achieved. In this
work, we showed that further progress in simplicity and particularly in inefficiency is
possible by two measures. On one hand, using a novel kind of pump diodes, so called
high-power broad-area diodes, increases the efficiency tremendously. On the other
hand, exploiting the Ng-cut orientation of Yb:KGW allows to pump such laser with
up to 18 W power and still achieve a diffraction limited laser beam with M2<1.1.
This crystal orientation yields even better results than the athermal direction of
Yb:KGW.

We started our research in the field of high-power femtosecond slab laser oscillators
with an investigation of the thermal effects and thermal lensing in Ng-cut oriented
Yb:KGW. This gain medium was pumped with up to 18 W from high-power broad-
area diodes. The employed broad-area diodes were capable to emit up to 18 W power
from a single emitter with waveguide dimensions of approximately 200×3 µm2. The
beam emitted from those diodes is nearly diffraction limited along the fast axis with
M2 ≈1.2, while along the slow axis, still a value ofM2 ≈50-60 is achieved. However,
these diodes show a particular beam profile with distinct intensity peaks. The ratio
of the fraction covered by these peaks to the whole beam profile is much larger
compared to the same ratio in the case of fiber coupled diodes or diode bars. We
found that this phenomenon results in thermal effects that would not be expected
for fiber coupled diodes or diode bars. Even though the mode-matching of laser
mode and pump beam can be well predicted by assuming a Gaussian pump light
distribution in combination with the appropriateM2-factor, the thermal effects vary
significantly from diode to diode and cannot be described by this way. Regarding
this, we demonstrated that still diffraction limited laser beams, optical-to-optical
efficiencies of nearly 50% in cw operation and almost 30% in mode-locked operation
can be achieved with those diodes. Numerical simulations of the thermal effects were
performed by a FEA-analysis. However, even though the predicted results agreed
well with the experiment for fiber coupled diodes, the employed model still needs
to be improved in order to predict the focal length for a specific beam profile of
a broad-area diode. A further improvement and more sophisticated model of the
beam profiles could improve these simulations. This may allow for the adaption of a
laser resonator to a specific broad-area diode from a measurement of a beam profile.

The obtained insights in the thermal effects induced by high-power broad-area
diodes were used for the development of a 44 MHz slab-laser oscillator. The oscillator
is pumped by a single 18 W broad-area diode and is capable to produce average
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powers of more than 5 W with an optical-to-optical efficiency of more than 28%.
With a decreased pulse duration of 161 fs, the optical-to-optical efficiency is still
higher than 23%. This is to our knowledge the highest value for a diode-pumped
femtosecond laser with this pulse-width and average power. The efficiency should be
further increased by using a laser crystal with a more suitable coating. This helps
to suppress spurious reflections and allows to improve the necessary misalignement
of the dichroic mirror. Furthermore, a dichroic output coupling mirror can be used
to combine both output beams.

By combining tapered fibers and PCF with the developed laser oscillators, two
different femtosecond supercontinuum sources were realized. A very compact and
flexible 20 MHz source with up to 400 mW average power and a 44 MHz system
capable to deliver over 1 W supercontinuum average power. The influence of the ta-
per waist diameter as well as the influence of a pulse pre-chirp on the spectral shape
were investigated. Furthermore, we studied the noise properties of supercontinua
and a possibility for polarized femtosecond supercontinua. This is to our knowledge
the first comprehensive study of supercontinuum properties for a pump wavelength
around 1 µm. Theoretical predictions of the influence of the fiber geometry on the
spectral shape of the supercontinua were confirmed. Furthermore, the influence of
a pulse pre-chirp and of the fiber pig-tails was found to be negligible for super-
continuum generation in tapered fibers. This result differs from the results found
for Ti:sapphire wavelengths. We explained this behavior by the greater proximity
to the zero-dispersion wavelength of SMF28 fibers as well as the higher anomalous
GVD in the waist region for wavelengths around 1 µm compared to 800 nm. For
many applications, the intensity noise of spectrally filtered sections of supercon-
tinua is important. In the infrared regime, an intensity noise of less than 2% rms
(in most cases even less than 1% rms) was measured, whereas the noise was slightly
increased in the dispersive wave regime. This behavior could be attributed to the
soliton dynamics during the generation process of supercontinua. The possibility to
generate polarized femtosecond supercontinua was investigated by employing 20 cm
of polarization-maintaining PCF. In the near infrared region, the polarization fluc-
tuations were found to be negligibly small compared to the overall intensity noise
of this section. However, in order to increase the input power, measures need to be
taken in order to protect the facets of such PCF from damages due to high intensi-
ties. This could be achieved by using fibers with a larger mode-field diameter or by
splicing large mode area PCF pig-tails and nonlinear PCF together.

The results of this thesis will support future developments of sub-200 fs high-
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power laser oscillators. For example, the specific 44 MHz laser oscillator developed
in this work can be improved by combining both output beams by employing a
dichroic output coupling mirror. In addition, pumping with several pump diodes
can increase the output power. Several diodes could be combined by polarization- or
wavelength-multiplexing. Furthermore, the results found are also useful to improve
other laser designs. The Ng-cut crystal orientation in combination with broad-area
diodes can be applied to other resonator geometries, e.g. with the gain medium in
the center of the resonator. Besides the significance for the design of laser oscillators,
the possibility to generate femtosecond supercontinua with over 1 W average power
creates the opportunity for many future applications. For instance, an optical para-
metric amplifier (OPA) pumped with nanojoule laser pulses could be realized. This
idea would benefit from the significantly higher spectral seed intensities that are pos-
sible with supercontinua generated in tapered fibers compared to those generated
in sapphire plates. When supercontinua are generated with more than 1 W average
power, still 2.5 W laser power are left that can be used for parametric amplification.
A similar experiment was already successfully shown with a laser amplifier and µJ
pulse energies [108]. A further potential application is the temporal compression
of such high-power supercontinua. This could allow for the generation of few-cycle
laser pulses with multi-Watt average powers with a compact setup.



Appendix A
List of acronyms and abbreviations

A-FPSA anti-resonant Fabry-Perot saturable absorber
CARS coherent anti-stokes Raman scattering
CCP conduction cooled package
COMD catastrophic optical mirror damage
DM dichroic mirror
FEA finite element analysis
FWHM full width at half maximum
GDD group delay dispersion
GNLSE generalized non-linear Schrödinger equation
GTI Gires-Tournois interferometer mirror (dispersive mirror)
GV group velocity
GVD group velocity dispersion
HR highly reflective mirror
KGW potassium gadolinium tungstate
KYW potassium yttrium tungstate
LBO lithium tri-borate
LOC large optical cavity concept for broad area diodes
MBE molecular beam epitaxy
MOCVD metal-organic chemical vapor deposition
MPC multi-pass cell
MQW multiple quantum well
NLSE non-linear Schrödinger equation
OC output coupling mirror
PCF photonic crystal fiber
RMS root mean square
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SC supercontinuum
SESAM semi-conductor saturable absorber mirror
SMF28 single mode fiber (Corning)
SPM self-phase modulation
TEC thermo-electric cooler
TOD third-order dispersion
XPM cross-phase modulation
YAG yttrium aluminum garnet
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List of symbols and constants

A(t, T )
(
√
W ) normalized field envelope

A(z, t)
Aeff,A (m2) effective mode area on the SESAM
Aeff,L (m2) effective mode area inside the gain medium
Ax/y (m−1) curvature of a parabolic fit
α taper transition parameter
α (m−1) absorption coefficient
α (K−1) thermal expansion coefficient
β (m−1) fiber propagation constant
β2 (s2/m) group velocity dispersion coefficient in fibers
C (J/kg·K) specific heat
c (m/s) vacuum speed of light
D (m) fiber waist diameter

pump spot diameter
D2 (s2) group delay dispersion coefficient (GDD)
δ (1/W) modified SPM coefficient
∆R saturable reflectivity change (modulation depth)
∂n/∂T (K−1) thermo-optic coefficient
E (N/m2) Young’s modulus
E(r, T ) (V/m) amplitude of the electric field
EP (J) pulse energy
Esat,A (J) absorber saturation energy
η optical-to-optical efficiency
F (N/m3) volume force
f (m) focal length
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fthermal (m) focal length of the thermal lens
frep (s−1) repetition rate
Esat,L (J) laser saturation energy
Fsat,A (J/m2) absorber saturation fluence
g small signal gain
γ (1/W·m) SPM coefficient
I (W/m2) laser / pump light intensity
k(ω) (m−1) wave vector
k(T ) (W/mK) thermal conductivity
k1 (s/m) group delay coefficient
k2 (s2/m) group velocity dispersion coefficient
k3 (s3/m) TOD coefficient
L0 (m) initial length of the heating zone

mirror distance in a Herriott-type MPC
l intensity losses
λ (m) wavelength
λZDW (m) zero-dispersion wavelength
M2 beam quality parameter (w0 · θ = M2 · λ

π
)

µ (s) fluorescence lifetime of the upper laser level
N soliton order
Np/m/g index of refraction along the p/m/g-axis
n index of refraction
n2 (m2/W) nonlinear index
ν (s−1) light frequency
ν Poisson’s ratio
Ω(f/g) (s−1) filter/gain bandwidth
ω (s−1) angular light frequency
ω0 (s−1) angular center frequency
ωdw (s−1) angular frequency of the dispersive wave
ωs (s−1) angular frequency of the soliton
P (W) resonator internal average power
Pout (W) laser average output power
Ppump (W) pump power
P0 (W) average power
P̂ (W) laser peak power
q saturable intensity losses
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Q (W/m3) heat load
R (m) mirror radius of curvature
R(t) polarization temporal response function
σ (N/m2) stess
σabs (m2) absorption cross section
σem (m2) emission cross section
T (s) global time
T (◦C) temperature
t (s) retarded time in respect to the pulse center
Tmod (s) build-up time of two neighboring modes
TR (s) resonator round-trip time
τ (s) width of a sech-pulse (τ = 1.76 · τFWHM)
τA (s) upper-state lifetime of the saturable absorber
τFWHM (s) full width at half maximum pulse duration
τL (s) lifetime of the upper laser level
τshock (s) self-steepening parameter
θ far-field divergence angle
vg (m/s) group velocity
w(z) (m) beam radius in dependence on z
w0 (m) beam waist
z (m) spatial coordinate in direction of propagation
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Appendix C
List of ray-matrices used for res-
onator calculations and thermal lens
retrieval

All simulations of laser resonators in this work as well as the retrieval algorithm of the
focal length of the thermal lens were based on the ray-transfer matrix method [48].
The following table provides a list of the employed matrices for different optical
elements [48, 109]:

Optical Element tangential plane sagittal plane

Linear propagation (length L)
1 L

0 1



Thin lens with focal length f (f>0
convex, perpendicular incidence)

 1 0
−1/f 1



Reflection on curved mirror with
radius R (R<0: concave), angle
of incidence θ

 1 0
−2/(R · cos θ) 1

  1 0
−2 · cos θ/R 1



Flat dielectric interface from
medium with n1 to medium with
n2

1 0
0 n1/n2
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Refraction at Brewster angle from
medium with n1 to medium with
n2

n2/n1 0
0 n2

1/n
2
2

 1 0
1 n1/n2



Gradient index lens with
n(x)=n0-n0/2γx2

 cos γz (n0γ)−1 sin γz
−(n0γ) sin γz cos γz
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