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ABSTRACT

The aim of this thesis is the generation of spectral broadband light
in several novel optical fiber materials suitable for the near- and
mid-infrared wavelength range. Using highly nonlinear soft-glass
chalcogenide and tellurite fibers as well as liquid-filled capillary
fibers octave-spanning supercontinuum generation is demonstrated. The studied supercontinuum laser sources are distinguished by
a high repetition rate and average output power. As pump systems
tunable femtosecond laser pulses from parametric light sources at
40 MHz repetition rate are employed.
The infrared fibers investigated in this work can be characterized by their geometry and material. Owing to their non standard
properties basic guidelines for the fiber preparation and handling
are presented. Furthermore, a novel developed mechanical splicing method is introduced which enables the connection of a liquidfilled capillary to a fused silica fiber. This patented connection that
employs the direct laser writing technique is very versatile to combine different heat sensitive materials and geometries by circumventing fusion splicing.
In each investigated highly nonlinear optical fiber the influence
of core size, fiber length, pump wavelength, and input power on
the broadening mechanism is experimentally studied in detail to
optimize the spectral bandwidth and output power. Several experimental results are accompanied and confirmed by numerical simulations of the Nonlinear Schrödinger equation.
In robust chalcogenide step-index fibers an extremely high average output power of 550 mW with a spectral coverage of the atmospheric transmission window between 3 and 5 µm is achieved. With
a step-index tellurite fiber a record broadband spectrum in terms
of mid-infrared coverage within tellurite glasses from 1.3 to 5.3 µm
is generated.
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abstract

Spectroscopic applications are successfully experimentally realized with supercontinuum sources that feature a good spectral stability as well as a high brilliance which exceeds that of a synchrotron.

Z U S A M M E N FA S S U N G

Das Ziel dieser Arbeit ist die Erzeugung von spektral breitbandigem Licht in mehreren neuartigen optischen Fasermaterialien, die
für den nah- und mittelinfraroten Spektralbereich geeignet sind.
Durch die Verwendung von sowohl hoch nichtlinearen Chalkogenid
und Tellur-Glasfasern als auch von flüssigkeitsgefüllten Kapillarfasern wird die Erzeugung von oktavbreitem Weißlicht gezeigt. Die
untersuchten Weißlichtlaserquellen zeichnen sich durch eine hohe
Wiederholungsrate und Durchschnittsausgangsleistung aus. Als
Pumpsystem werden durchstimmbare Femtosekundenlaserpulse
von parametrischen Lichtquellen eingesetzt, die eine Wiederholungsrate von 40 MHz aufweisen.
Die in dieser Arbeit untersuchten Infrarotfasern können anhand
ihrer Geometrie und ihres Materials, aus dem sie aufgebaut sind,
charakterisiert werden. Aufgrund ihrer nicht standardisierten Eigenschaften wird ein grundlegender Leitfaden für den Umgang und
die Handhabung mit den Fasern gegeben. Des Weiteren wird eine
neuartig entwickelte mechanische Verbindungsmethode vorgestellt,
die es erlaubt, flüssigkeitsgefüllte Kapillarfasern mit Quarzglasfasern dauerhaft zu fügen. Diese patentierte Fügungsvorrichtung, welche mit dem Verfahren des direkten Laserschreibens hergestellt
wird, ist sehr vielseitig, um verschiedenartige hitzeempfindliche
Materialien und Geometrien zu verbinden. Dabei kann auf die Verwendung von Verbindungstechniken, die auf Erwärmung beruhen,
verzichtet werden.
Für jede untersuchte hoch nichtlineare optische Faser wird der
Einfluss der Kerngröße, Faserlänge, Pumpwellenlänge und Eingangsleistung auf den Verbreiterungsmechanismus experimentell
im Detail studiert, um jeweils die spektrale Breite und die Ausgangsleistung zu optimieren. Durch gleichzeitiges Durchführen von
numerischen Simulationen der nichtlinearen Schrödingergleichung
werden mehrere experimentelle Resultate bestätigt.
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zusammenfassung

In robusten Chalkogenidfasern mit Stufenindexprofil wird eine
extrem hohe Durchschnittsausgangsleistung von 550 mW erzielt.
Die spektrale Breite deckt dabei das atmosphärische Transmissionsfenster zwischen 3 und 5 µm komplett ab. Mit einer Tellur-Stufenindexfaser wird ein rekordbreites Spektrum in Bezug auf die Abdeckung im Mittelinfraroten mit Tellurgläsern von 1.3 bis 5.3 µm
erzeugt.
Anwendungen in der Spektroskopie werden erfolgreich experimentell mit Weißlichtquellen umgesetzt, die sowohl Merkmale einer
hohen spektralen Stabilität als auch einer hohen Brillanz aufweisen.
Dabei übersteigt die erzielte Brillanz diejenige von Synchrotronstrahlquellen.
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1

INTRODUCTION

The majority of optical effects are well characterized by a linear material response of a medium to a light field. However, for a high
intense light beam nonlinear effects can be observed. This is related
to the weak strength of the material parameters that characterize
the nonlinear contributions. The nonlinear material response is of
major importance since it is the origin for nonlinear optical phenomena that influences and modifies the light properties.
With the invention of the LASER in 1960 by Maiman [1] a powerful light source was available for the first time and the field of
nonlinear optics was founded right away by Bloembergen and coworkers [2] (Nobel Prize in 1981). After some first experiments on
second harmonic generation by Franken et al. [3] in 1961 where
two photons of the same frequency are converted to one photon at
the doubled frequency through the interaction with the nonlinear
medium the process of supercontinuum generation come into focus
(Alfano et al. [4] and [5]). By this effect the light properties are altered in such a way that new frequency components were generated
with an enormous broadband spectral bandwidth. Broadband laser
sources are highly important for spectroscopic and medical diagnostics where a broadband spectral coverage is required to identify
and characterize specific substances.
The field of supercontinuum generation becomes more accessible
with the launch of optical glass fibers which can confine and guide
light in a small fiber core over a long interaction length through the
basic phenomena of total internal reflection. Hence, a high intensity
is not limited to a few millimeter long focus such as in liquid cells
or bulk glasses but can be maintained along the entire fiber length
of several centimeters. This characteristics make optical glass fibers
to ideal candidates to observe nonlinear effects.
The first low loss optical glass fibers were made of fused silica [6]
which brought great opportunities in the visible and near-infrared
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wavelength region, not only in the telecommunication branch [7]
but also in the field of nonlinear fiber optics e.g. nonlinear phenomena such as self-phase modulation [8]. However, fused silica fibers
remain highly absorptive above a wavelength of 2.4 µm. Therefore,
such fibers can not be used in the mid-infrared molecular fingerprint regions where many strong characteristic absorption bands
for distinct detection are located. Additionally, the nonlinear refractive index is quite low.
Nevertheless, the field of nonlinear fiber optics was greatly advanced around 2000 by the introduction of several kinds of new
fibers, classified as highly nonlinear fibers such as photonic crystal
fibers (PCFs) [9] or tapered fibers [10]. These fibers have the advantage of tailorable dispersion properties and an enhanced nonlinearity through smaller core diameters. This led to the observation of
optical solitons [11], resulting from the interplay between dispersive
and nonlinear effects. Furthermore, the advent of highly nonlinear
fibers result in the generation of broad white-light in the visible and
near-infrared spectral range, which were further improved and developed to commercially available supercontinuum sources by NKT
Photonics [12].
To extend the spectral bandwidth further into the mid-infrared
wavelength range and to overcome the limitation of high losses in
fused silica fibers, novel fiber materials so-called soft-glasses and
liquids filled into hollow core fibers have come recently into focus.
Promising soft-glasses among others are chalcogenide, tellurite and
fluoride glasses [13]. Also some highly nonlinear liquids such as
carbon disulfide, nitrobenzene, and toluene have shown their great
nonlinear potential for the infrared [14]. Besides new materials also
new fiber designs have popped up such as suspended-core fibers
with increased nonlinearities related to their geometry[15].
A key advantage of fiber based supercontinua compared to broadband thermal light sources or synchrotron radiation is a orders of
magnitude higher brilliance which provides the necessary brightness for high spatial resolution spectroscopy. Alternative sources for
the infrared are quantum cascade laser (QCL) or parametric laser
sources which provide also an excellent beam quality but with the
disadvantage of a small bandwidth and in case of QCLs of an addi-
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tional limited tuning range. Mid-infrared supercontinuum sources
have many applications in biology, medicine, and environmental diagnostics comprising for example coherent anti-Stokes Raman scattering (CARS), optical coherence tomography (OCT) and light detection and ranging (LIDAR) [16].
This thesis aims to extend the supercontinuum bandwidth from
the visible and near-infrared previously achieved with tapered silica fibers [17, 18] and selectively liquid-filled photonic crystal fibers
[19] to the mid-infrared.
Therefore, we combine special highly nonlinear fibers transparent in the infrared wavelength range with ultra-short tunable pulses
from parametric laser sources [20] which give the ability to tailor
the pump wavelength according to the fiber parameters. With these
two components we are able to generate extremely broadband and
high average power supercontinua that cover the important spectral range of the atmospheric transmission window between 3 µm
and 5 µm and are suitable for spectroscopic applications.
The thesis is structured as follows:
Chapter 2 covers the theoretical description of the linear and nonlinear fiber propagation effects in single-mode step-index fibers and
gives important parameters and equations which provide the basics
for the understanding of the experimental observations.
Chapter 3 presents an overview of highly nonlinear fiber materials and geometries which are highly suited for efficient supercontinuum generation in the near- and mid-infrared region. Furthermore, a review of the state-of-the-art supercontinua generated in
mid-infrared fibers and waveguides is demonstrated.
Chapter 4 introduces the experimental setup that is used for
the generation and characterization of ultra-broadband spectra in
highly nonlinear fibers. Special attention is paid to the description
of a proper guideline for fiber preparation and coupling which is
way more challenging compared to standard silica fibers.
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Chapter 5 contains the experimental and numerical results obtained in chalcogenide, tellurite, and liquid-filled capillary fibers.
Different fiber geometries are tested to vary the nonlinearity and
tailor the dispersion properties.
Chapter 6 enters the application field of mid-infrared supercontinuum laser sources in particular Fourier-transform infrared (FTIR)
absorption spectroscopy. Special focus is put on the underlying
broadening mechanisms in the normal and anomalous dispersion
regime of the fiber which have tremendous impacts on the source
spectral stability.
Chapter 7 provides a summary of the results achieved in this
work and gives an outlook for future experiments.

2

BASICS OF LINEAR AND NONLINEAR FIBER
OPTICS

2.1

principles of light propagation in optical fibers

In order to understand the linear and nonlinear propagation phenomena in optical glass fibers we first present some basic fiber characteristics and derive some important optical quantities. The physical
concept is based on the theoretical description of single-mode fibers
with a step-index profile. In the end we will obtain an equation
which includes various linear and nonlinear effects occurring inside
optical fibers. In the second part we consider the basic impacts of
these effects. The temporal and spectral characteristics when ultrashort pulsed light is used as a pump are then subject of the third
section. Pumping with ultra-short pulses lead to a spectral broadening process known as supercontinuum generation SC. A SC is generated when a narrow-band intense laser pulse undergoes extreme
spectral broadening to yield a continuous spectrum which spans
over hundreds of nanometers.
In general, if not otherwise indicated this chapter is based on
reference [7] where a more detailed derivation of the equations for
nonlinear fiber optics can be found.
2.1.1

Fiber Geometry

An optical fiber is a special sub-group of an optical waveguide with
radial symmetry which can transport light-waves over a huge distance. Due to the wave-guiding properties light coupled into an optical fiber propagates along the fiber even when the fiber is bended
and exits primarily at the opposite end. Therefore, optical fibers
turn out to be a flexible delivery tool for laser light in the field of
e.g. material processing or medical engineering [21]. Another ap-
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plication resulting from the excellent guiding properties includes
rapid communication over long distances in the telecommunication
sector [22]. In the wavelength range of interest from the visible to
the mid-infrared (IR) (0.5 µm to 15 µm) the waveguide materials are
dielectric media (glasses) in contrast to the radio frequency range
where metallic hollow waveguides are used.
An optical glass fiber in its simplest form is composed of an inner
core made of a material with a higher refractive index ncore compared to the that of surrounding cladding layer nclad as schematically illustrated in Fig. 2.1(a). Additionally, there is often a polymer
coating around the cladding to assure robustness and to prevent
damage of the inner fiber structure.
The standard refractive index profile in fibers is the robust stepindex profile where the refractive index n jumps abruptly at the
core-cladding interface from a higher core to a lower cladding index. Alternatively, the core index can decrease gradually which
refers to graded-index fibers. The cross section and refractive index
profile of a step-index fiber with core radius a and cladding radius
b is shown in Fig. 2.1(b). A variation of the refractive index is obtained through doping. In fused silica glass (SiO2 ) the core can be
doped with germania (GeO2 ) to enhance the refractive index. Alternatively the cladding index can be lowered by adding fluorine
(F) as a dopant [23].

(a)

Coating

Step-index optical fiber
(b)
Core

r
nclad
ncore
b

Cladding

a
n(r)

Figure 2.1.: (a) Buildup and (b) cross section of a step-index fiber and its radial
refractive index distribution. An optical fiber consists of an inner core with radius a,
a cladding layer with radius b, and a protection coating. The core refractive index
(ncore ) is larger than the surrounding cladding index (nclad ) to guide light by the
effect of total internal reflection. Due to the abrupt jump of the refractive index at
the core-cladding index boundary such fibers are referred to as step-index fibers.

2.1 principles of light propagation in optical fibers

The mechanism of optical wave guiding in step-index fibers is
based on the effect of total internal reflection. In the simple picture of
geometrical ray optics, which is justified for fibers whose core size
is much larger than the light wavelength λ (a  λ), the condition
for light guiding is displayed in Fig. 2.2.
Light propagation in a step-index fiber
Unguided ray

qc
qNA

ncore
nclad

Guided ray
Fiber core
Fiber cladding

Figure 2.2.: Ray propagation in a step-index fiber by the effect of total internal reflection which requires a larger refractive index of the core ncore than of the cladding
nclad . An incoming ray is then only guided when its incident angle is equal or
smaller than the largest acceptance angle θNA (solid line). An unguided ray (dashed
line) does not fulfill the requirement of an higher incident angle than the critical angle θc at the core-cladding interface and will be attenuated rapidly by transmitting
its energy into the cladding.

If the angle of an incident ray at the fiber entrance gets larger than
θNA the transmitted ray in the fiber is not reflected totally at the
core-cladding interface and is partly transmitted into the cladding
layer (dashed line in Fig. 2.2). These rays are referred to as unguided
rays in contrast to guided rays which incident at angles smaller or
equal to the largest acceptance angle θNA under which total internal reflection is possible. These guided rays hit the core-cladding
interface along the whole fiber length with angles larger or equal
to the critical angle θc (solid line in Fig. 2.2) which is given by Snell’s
law to
n
sin θc = clad .
(2.1)
ncore
A prerequisite to fulfill this requirement is a larger index of the core
than the cladding (ncore > nclad ).
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An additional fundamental quantity which can be derived geometrically from Fig. 2.2 is the numerical aperture (NA) which is a
measure for the maximal acceptable cone of incoming rays which
are completely guided inside the fiber core. The NA of an optical fiber where the incoming rays penetrate through air (nair ≈ 1)
reads:
q
NA = sin θNA = n2core − n2clad .
(2.2)
The standard core diameter of a fused silica step-index fiber where
only one mode can propagate (single-mode fiber (SMF)) is below
10 µm, whereas the core in a fiber where several modes can be excited (multi-mode fiber) is larger with around 50 µm. In highly nonlinear fibers the core diameter is even reduced to several microns.
The standard cladding diameter for both multi-mode and singlemode fibers is 125 µm.
To quantify the benefits of the fiber geometry related to generating nonlinear effects the product I0 · Leff can be introduced, where
I0 is the optical intensity and Leff is the effective length of the region
where such a high intensity can be maintained. For comparison, the
efficiency of a nonlinear process in bulk media for a Gaussian beam
can be specified as:
!
πw20
P0
P
(I0 · Leff )bulk =
·
= 0,
(2.3)
2
λ
λ
πw0
where P0 is the incident optical power and w0 is the radius in the
focal spot. The product is independent of the spot size w0 because
the intensity can be increased by focusing to a tighter spot, however,
the length of the focal region decreases simultaneously.
In contrast to that the spot size w0 in a single-mode fiber is defined by the mode field radius w which is close to the fiber radius a. Moreover, the big advantage in a fiber is that the interaction length Leff can be maintained over the entire fiber length L
due to wave-guiding and is only limited by the fiber loss α. For
a coupled intensity I0 that decreases along the fiber according to
I(z) = I0 exp(−αz) the product yields:
!
1
P0
(I0 · Leff )fiber =
· [1 − exp(−αL)] .
(2.4)
2
α
πw0
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Hence, the improvement for sufficiently long fibers (αL  1) compared to bulk media is:
(I0 · Leff )bulk
λ
=
.
(I0 · Leff )fiber
πw20 α

(2.5)

The enhancement factor is tremendous and can reach several orders of magnitude and explains the suitability of optical fibers for
observing nonlinear effects. This is possible due to two important
characteristics: (1) a small core size and (2) low loss in the investigated spectral range. In highly nonlinear fibers the length of the
fiber needs to be only several centimeters to observe a wide variety
of nonlinear effects.
2.1.2

Wave Equation

For fibers whose core diameter become comparable to the wavelength the consideration of the wave properties are required to describe the propagation phenomena and the simple ray picture of
geometrical optics has to be replaced.
An electric field E can be depicted as a wave that propagates in one
direction in space (usually the z-axis) and oscillates rapidly in time
with the circular frequency ω = 2πc/λ. The general form is given by
[24]
1
E(r, t) = {A(r, t) exp[i(kz − ωt)] + c.c.} e,
(2.6)
2
with the propagation constant k = nω/c and the wave amplitude
A(r, t) which slowly vary in time and space compared with the
rapidly varying oscillating wave. This amplitude is in general complex and include the possibility of phase accumulation. The polarization of the wave is given by the unit vector e, which is real for linearly polarized waves and complex for elliptical polarization. The
addition of the complex conjungate (c.c.) in the description of the
electric field vector is included to keep the quantity real. For laser
beams propagating in free space or in optical fibers the electric field
varies spatially along the transverse direction and has only a finite
extent. Therefore, it is useful to separate the amplitude A(r, t) in
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a transverse component F(x, y) and a component of z and t only
A(z, t). The associated intensity I of an electric field E is given by
I=

1
n0 c |E|2 ,
2

(2.7)

with the vacuum permittivity 0 and the speed of light c.
The propagation of a light wave in non-metallic and non-magnetic media such as an optical fiber is governed by the wave equation
which can be derived from Maxwell’s equations and their corresponding material equations
∇×∇×E = −

1 ∂2 E
∂2 P
− µ0 2 ,
2
2
c ∂t
∂t

(2.8)

where µ0 is the vacuum permeability, and P is the induced electric
polarization. In a dielectric medium the electric polarization is based
on the displacement of bound electronic charges by an applied electric field. The hereby induced dipole moments rapidly oscillate and
change their orientation with the field.
The induced polarization consists of two parts, a linear PL and
a nonlinear one PNL which accounts for occurring nonlinear contributions at higher intensities. The nonlinear contribution is based
amongst other on anharmonic motions of the bound electrons
.
P = 0 χ(1) E + 0 (χ(2) : EE + χ(3) ..EEE + . . .) .
| {z } |
{z
}
PL

(2.9)

PNL

The nonlinear polarization which is connected to the third order susceptibility χ(3) is of major importance since it is the origin of nonlinear phenomena in optical fibers. This is due to the symmetric
molecular built up of glasses and liquids which leads to a zero second order susceptibility χ(2) . In general the dielectric susceptibilities
χ are material parameters which takes the time dependent polarizability of the molecules into account and assumes that the medium
response is local. For isotropic media which react equally independent of the direction of the incoming light the amount of independent elements in the susceptibility tensors can be reduced significantly. For the derivation of the fiber modes PNL will be neglected
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and later introduced as a small perturbation which is reasonable
due to its relative small value.
Hence, in case of purely linear considerations the polarization for
a local and non-instantaneous material response is given by
+∞
Z

χ(1) (t − t 0 ) · E(r, t 0 )dt 0 .

P(r, t) = PL (r, t) = 0

(2.10)

−∞

The wave equation (Eq. 2.8) can be solved for a linear material response by a transformation in the frequency domain and writes as
∇ × ∇ × Ẽ(r, ω) = (ω)

ω2
Ẽ(r, ω),
c2

(2.11)

with Ẽ(r, ω) being the Fourier transform of E(r, t). In general the
frequency dependent dielectric constant (ω) is complex and its real
and imaginary part is related to the refractive index n(ω) and the
absorption coefficient α(ω), respectively by

αc 2
(ω) = 1 + χ̃(1) (ω) = n + i
,
2ω

(2.12)

Taking into account that the optical losses in fibers in the wavelength range of interest are low (ω) can be replaced by n2 (ω).
Moreover, for homogenous media the refractive index can be treated
independent of the spatial coordinate in both the core and cladding
of a step-index fiber and the Helmholtz equation can be obtained
∇2 Ẽ(r, ω) + n2 (ω)

ω2
Ẽ(r, ω) = 0.
c2

(2.13)

This equation provides the basis for the propagation dynamics in
optical fibers and is solved in the next section to obtain the modal
field distribution.
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2.1.3

Fiber Modes

To obtain the propagation constants β (formerly k in free space) of
light fields with frequency ω that propagate inside an optical fiber
as guided modes the Helmholtz equation Eq. 2.13 must be solved
in combination with the appropriate boundary conditions. Due to
the fiber symmetry cylindrical coordinates (ρ, φ, z) are chosen. Following separation ansatz can be selected for the two independent
components of the electric and magnetic field Ẽz and H̃z in the core
region (ρ 6 a) and the cladding region (ρ > a), respectively

Ẽz (r, ω) =

A(ω)Jm (pρ) exp(imφ) exp(iβz)

for ρ 6 a,

C(ω)Km (qρ) exp(imφ) exp(iβz)

for ρ > a,

(2.14)

with scaling constants A(ω) and C(ω), an integer m, the Bessel
and modified Bessel functions Jm and Km , respectively. The Bessel
functions represent the modal field distribution F(x, y) either in the
core or in the cladding.
The variables p and q are given by
p
q


1/2
,
n2core k20 − β2
1/2

=
β2 − n2clad k20
,
=

(2.15)
(2.16)

with k0 = ω/c being the propagation constant in vacuum. The
other field components can be derived afterwards from Maxwell’s
equations.
The continuity conditions at the core-cladding boundary (ρ = a)
for the tangential components (φ, z) of the electric and magnetic
fields lead to an eigenvalue equation whose solution determine the
propagation constant β


0 (pa)
Jm
K 0 (qa)
+ m
pJm (pa) qKm (qa)

"


·

#
0 (pa)
0 (qa)
n2clad Km
Jm
+
= ...
pJm (pa) n2core qKm (qa)
!2
mβk0 (n2core − n2clad )
...
. (2.17)
ancore p2 q2
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The prime 0 stands for a derivative with respect to the argument.
Each eigenvalue β corresponds to one specific mode supported by
the fiber, whose corresponding modal field distribution is obtained
from Eq. 2.14. The eigenvalue equation can be solved numerically to
evaluate the propagation constant of the fundamental mode (m = 1).
The propagation of the mode does not take place entirely inside
the core but also partly in the cladding. Therefore, the propagation
constant β of the electromagnetic wave inside an optical fiber can be
connected to an ”effective” refractive index whose value lies between
the one for exclusive propagation inside the core or cladding
nclad k0 < β = neff k0 < ncore k0 .

(2.18)

The fundamental mode has the highest propagation constant because of the tightest mode confinement inside the core. So the propagation speed is determined through the refractive indices of the
fiber (material dispersion) as well as from the geometry (core radius)
of the fiber itself (waveguide dispersion).
The refractive index of a material n(ω) should be known for the
wavelength range of interest and is mostly given by the Sellmeier
equation
m
X
Bj ω2j
n2 (ω) = 1 +
,
(2.19)
ω2 − ω2
j=1 j
where ωj is the resonance frequency and Bj is its strength. All the
refractive indices of the investigated fiber materials are given in the
appendix.
2.1.4

Fundamental Mode

A parameter that characterizes how many modes are guided inside
an optical fiber at a given wavelength λ is the so called V-parameter
defined as
q
2π
a n2core − n2clad .
(2.20)
V=
λ
Hence, through adapting the two fiber properties, namely the core
diameter a and the numerical aperture NA, the amount of modes
that are able to propagate can be controlled. Each mode, except the

13

14

basics of linear and nonlinear fiber optics

fundamental mode, can be only excited up to a certain wavelength
(cut-off wavelength) and vanishes for longer wavelengths. Hence, the
fundamental mode is the mode that can propagate with the lowest
energy. If the fiber fulfills the condition V < 2.405 only the fundamental mode is supported which is referred to as ”single-mode”
fibers [23].
The fundamental mode is in good approximation linearly polarized in either the x or y direction. However, for a not perfectly
round core the two orthogonal polarization components have slightly different propagation constants referred to as modal birefringence.
As a result of a not constant birefringence along the fiber the polarization of an incident light beam changes in a random fashion.
Special polarization-maintaining fibers exhibiting a large amount of
birefringence through special design modifications can preserve a
linear polarization if the incident light is polarized along one of the
principal axes of the fiber. If the launched polarization does not coincide with one of the principal axes the polarization changes continuously along the fiber in a periodic manner. The length where
the polarization is restored is called to beat length defined as LB =
2π/ |βx − βy |. The evolution of the polarization state changes between linear and elliptic as well as circular.
The transversal mode field distribution of the fundamental mode can
be approximated by a Gaussian function of the form


(x2 + y2 )
F(x, y) ≈ exp −
,
(2.21)
w2
with the mode field radius w. In practice it is very important to know
the mode size of the fundamental mode for the given fiber parameters a and NA at the pump wavelength to optimize the coupling.
A good approximation for w in the range of 1.2 < V < 2.4 is given
by [23]


1.619 2.879
w ≈ a 0.65 + 3/2 +
,
(2.22)
V6
V
which functional form can be seen in Fig. 2.3. It can be observed
that for V-parameter values smaller than 1.5 the mode field radius
spreads out extremely into the cladding, and the losses of the fundamental mode increase [23]. A tighter mode confinement in the
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core is reached for rising V-parameter. However, a proper focused
and aligned incoming beam is necessary to maintain single-mode
operation and suppress the excitation of higher order modes in the
multi-mode capable fiber.

Normalized mode field radius w/a

4

Mode field radius dependence
3

2

1

Singlemode

Multi-mode

0
1

2

3

4

5

6

7

8

V-parameter
Figure 2.3.: Normalized mode field radius w/a for the fundamental mode as a
function of the V-parameter in a step-index fiber, as determined by Eq. (2.22). Purely
single-mode propagation requires V < 2.405.

2.1.5

Group Velocity Dispersion

Short optical pulses in the femtosecond regime have extensive spectral widths which makes it necessary to consider the frequency dependence of the propagation constant β(ω). The different spectral
components within the pulse travels with different speeds resulting in a dispersion induced temporal pulse broadening.
Since the eigenvalue equation for β(ω) is barely analytically solvable it is convenient to expand the propagation constant in a Taylor
series around the central frequency ω0 of the pulse
β(ω) = neff (ω)

ω
1
= β0 + β1 (ω − ω0 ) + β2 (ω − ω0 )2 + · · · ,
c
2
(2.23)
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with
βk =

∂k β
∂ωk

.

(2.24)

ω=ω0

The individual dispersion coefficients βk are in practice received
by using Eq. 2.23 as a fit function for the numerically obtained
data points of β(ω) from the solution of the eigenvalue equation
(Eq. 2.17). Their physical meaning explains as follows:
• β0 is the propagation constant at the central frequency ω0 .
• β1 is the inverse of the group velocity of the pulse envelope
and is responsible for a temporal delay of the laser pulse as a
whole.
• β2 stands for the group velocity dispersion (GVD), which accounts for the different propagation speeds of the particular
frequency components associated with the pulse and is responsible for temporal pulse broadening.
A related dispersion parameter D with opposite sign compared to β2
is given by
D=−

2πc
λ d2 neff
β
=
−
.
2
c dλ2
λ2

(2.25)

As already mentioned earlier β(ω) and the related coefficients obtain a material and a waveguide contribution. Hence, to calculate
the dispersion coefficients of an optical fiber the effective refractive
index neff of the fundamental mode has to be used. The bulk material dispersion can be obtained by replacing neff by the refractive
index n of the medium. The waveguide contribution to β2 can be
regulated by the core size and the numerical aperture.
An important feature is the wavelength at which the GVD vanishes and changes sign for longer wavelengths. This wavelength is
called zero dispersion wavelength (ZDW). By waveguide dispersion
the position of the ZDW can be shifted. The position of the ZDW
relative to the pump wavelength have great influence on the nonlinear spectral broadening characteristics. Two important dispersion
regimes depending on the sign of the GVD-parameter have to be
distinguished:
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• In the normal dispersion regime (β2 > 0, but D < 0) the group
velocity increases with wavelength, which means that the red
components of the pulse travel faster than the blue ones.
• In the anomalous dispersion regime (β2 < 0, but D > 0) it is the
other way round, which is the preferred dispersion regime
for broad supercontinuum generation since the combination
with nonlinear effects leads to special dynamics which will be
discussed later.
There is the possibility that special designed fibers have multiple
ZDWs with low and flat dispersion over a relatively large wavelength range as can be seen in Fig. 2.4. This can be achieved e.g.
with a multiple cladding layer design. Near the ZDW where β2 ≈ 0,
higher order dispersion effects become more important and have to
be considered. In numerical simulations the dispersion up to the
200

Group velocity dispersion in a fiber
100

Dispersion

Dfiber [ps/(km-nm)]
ZDW1

ZDW2

0

-100

Dmaterial [ps/(km-nm)]

b2,fiber [ps2/km]

-200

Normal Anomalous
2

2.5

3

3.5

Wavelength (mm)
Figure 2.4.: Group velocity dispersion (GVD) for a fiber made of tellurite glass with
a core diameter of 3.2 µm. The fiber has two zero-dispersion wavelengths (ZDWs)
that are located around 1.9 µm and 3.4 µm. Between the two ZDWs the fiber exhibits
anomalous dispersion where the dispersion parameter D is positive and second
order dispersion β2 is negative.
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10th order is taken into account to reproduce the propagation constant properly.
A related quantity to the GVD is the group-delay dispersion (GDD)
which is the accumulated GVD after a propagation distance z with
the unit ps2 or ps/nm.
Two pulses of different center wavelengths propagate with different group velocities inside an optical fiber which leads to a walk-off
effect. This is important for the nonlinear interaction since for two
optical pulses that are spatially separated no interaction takes place.
2.1.6

Nonlinear Schrödinger Equation

In order to obtain the fiber modes (propagation constant β and
transverse mode field distribution F(x, y)) we have accounted so far
only for the effects that are caused by the linear polarization PL . Now
to consider nonlinear effects the nonlinear polarization PNL have to
be treated as a small perturbation in the wave equation (Eq. 2.8)
∇2 E −

1 ∂2 E
∂2 PL
∂2 PNL
= µ0
+ µ0
.
2
2
2
c ∂t
∂t
∂t2

(2.26)

We concentrate on the third order nonlinear effects (χ(3) ) since
higher orders are quite weak and second order effects vanish due to
the inversion symmetry of the studied materials. Some simplifications have to be assumed to solve Eq. 2.26 for a nonlinear material
response. The electric field is assumed to maintain its linear polarization along the entire fiber length which is actually only true for
polarization maintaining fibers but works well in practice. The laser
pulse is supposed to be quasi-monochromatic which means that the
spectral pulse width ∆ω is much smaller than the central frequency
ω0 (valid for pulses as short as 100 fs in the investigated frequency
range). In this so-called slowly varying envelope approximation the fast
oscillating term can be separated and the electric field as well as the
linear and nonlinear polarization can be expressed in the form
1
[E(r, t)e−iω0 t + c.c.]ex ,
(2.27)
2
with a slowly varying function of time E(r, t), the complex conjugate c.c., and the polarization unit vector in x-direction ex .
E(r, t) =
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In the following, the linear polarization PL is still treated as a local
and non-instantaneous response, whereas in case of the nonlinear
polarization PNL only the local and instantaneous material response
is included. The assumption of an instantaneous nonlinear response
has to be relaxed later since it only takes the electronic contribution
into account and neglects delayed nuclear contributions such as
molecular vibrations or reorientations. The slowly varying component of the linear and nonlinear polarization takes the form
+∞
Z

(1)

χxx (t − t 0 )E(r, t 0 ) exp[iω0 (t − t 0 )]dt 0 ,

PL (r, t) = 0

(2.28)

−∞

3 (3)
PNL (r, t) = 0 χxxxx |E(r, t)|2 E(r, t).
{z
}
|4

(2.29)

NL

In the derivation of PNL the term oscillating at the third-harmonic
frequency (3ω0 ) was neglected due to the lack of phase matching
in optical fibers. Note that the nonlinear dielectric constant NL is
intensity dependent. Like in the linear case a relationship between
the dielectric constant (ω) and the refractive index n̄ as well as the
absorption coefficient ᾱ can be established via
(ω) = 1 + χ̃(1) (ω) + NL =



ᾱc 2
n̄ + i
,
2ω

(2.30)

A nonlinear refractive index n2E and a two-photon absorption coefficient
α2 can be introduced
n̄ = n + n2E |E|2 ,

ᾱ = α + α2 |E|2 ,

(2.31)

which are related to the real and imaginary part of the third order
nonlinear susceptibility by
n2E =

3
(3)
Re(χxxxx ),
8n

α2 =

3ω0
(3)
Im(χxxxx ).
4nc

(2.32)

From the wave equation a propagation equation for the slowly varying pulse envelop A(z, t) the so-called Nonlinear Schrödinger NLS
equation can be derived. In this work we will only briefly discuss
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the major steps towards the derivation of the NLS equation because
a detailed explanation can be found for example in the textbook of
Agrawal [7]. Analog to the linear case a separation ansatz for the
electric field can be chosen where A(z, t) is assumed to be a slowly
varying function of z, F(x, y) represents the radial distribution of
the field and β0 is the the propagation constant at the central frequency
E(r, t) =

1
{F(x, y)A(z, t) exp[i(β0 z − ω0 t)] + c.c.}ex .
2

(2.33)

By using the slowly varying envelope approximation where the second derivative ∂2 Ã/∂z2 is neglected the following two equations
can be derived
∂2 F ∂2 F
+
+ [(ω)k20 − β̄2 ]F = 0,
∂x2 ∂y2

(2.34a)

∂Ã
− i(β̄ − β0 )Ã = 0.
(2.34b)
∂z
The major findings in the solution of the eigenvalue equation 2.34a
in first order perturbation theory is:
• The modal field distribution F(x, y) remains unchanged and takes
the equivalent form as in the linear case.
• The propagation constant β̄ becomes modified by the nonlinearity to β̄(ω) = β(ω) + ∆β(ω) where β(ω) is the wave number
from the linear case.
By expanding β(ω) and ∆β(ω) in a Taylor series around the central frequency ω0 and taking only coefficients up to second order
of β(ω) and the zeroth order of ∆β(ω) into account a new equation
for the pulse envelop that governs the linear and nonlinear propagation dynamics in single-mode optical fibers can be derived which
takes the form of the Nonlinear Schrödinger equation
∂A
β ∂2 A α
∂A
+ β1
+ i 2 2 + A = iγ(ω0 ) |A|2 A.
∂z
∂t
2 ∂t
2

(2.35)
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A new nonlinear parameter γ is defined as
γ(ω0 ) =

n2I (ω0 )ω0
,
cAeff

(2.36)

with the effective mode area of the fundamental mode that can be
simplified for a Gaussian distribution with the mode radius w according to
Aeff =

(

RR−∞

2 2
+∞ dxdy |F(x, y)| )
≈ πw2 .
RR−∞
4
|F(x,
dxdy
y)|
+∞

(2.37)

The fundamental NLS equation (Eq. 2.35) accounts for:
• Nonlinear effects are contained on the right side where a
strong nonlinear contribution (corresponds to a high value
of γ) can be either obtained by a large nonlinear refractive index n2I (fiber material) or by a small effective mode area Aeff
(fiber geometry). The nonlinear refractive index in Eq. 2.36 is
expressed in units of m2 /W since |A|2 represents the optical
power in units of Watts. The nonlinear refractive indices n2I and
n2E are connected via
n2I = 2n2E /0 nc.

(2.38)

The effective mode area in Eq. 2.37 is in practice given by the
Gaussian approximation and the mode field radius w can be
determined from the core radius a and the V-parameter by
Eq. 2.22.
• Dispersion effects are accounted for by two coefficients β1
and β2 of the Taylor series expansion of the propagation constant in Eq. 2.23. The propagation constant β(ω) can be obtained from the eigenvalue equation Eq. 2.17 for the linear
case and the coefficients can then be received by fitting the
numerically obtained values of β with the Taylor expansion.
• Fiber losses are included through the absorption coefficient α
where nonlinear losses were ignored.
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In a coordinate system which moves with the group velocity of
the optical pulse T = t − β1 z the NLS equation writes as [7]
i

∂A
+
∂z

α
i A
| 2{z }

−

β2 ∂2 A
+ γ(ω0 ) |A|2 A = 0.
2
{z
}
2
∂T
| {z } |

Absorption

(2.39)

SPM

GVD

In the current form the NLS equation takes absorption, the group velocity dispersion (GVD) governed by β2 and the nonlinear effect of
self-phase modulation (SPM) into account. SPM is based on the instantaneous nonlinear response. However, to take the delayed nature
of the nonlinear polarization into account a generalized Nonlinear
Schrödinger GNLS equation have to be considered.
2.2

impacts of linear and nonlinear effects

In the preceding section the Nonlinear Schrödinger equation
(Eq. 2.39) has been derived describing the entire process of optical pulse propagation inside single-mode fibers. Before considering
the general case, we study the cases where the two effects of dispersion (GVD) and nonlinearity (SPM) are treated separately. This is
advisable to get a feeling of the basic impacts on the characteristic temporal and spectral behavior. To identify which effect plays
a dominant role it is instructive to introduce two length scales, the
so-called dispersion length LD and the nonlinear length LNL given by
LD =

T02
,
|β2 |

LNL =

1
γP0

(2.40)

with T0 being the initial width and P0 being the peak power of the
incident pump pulse.
Depending on the relative strength of LD and LNL with respect to
the fiber length L either GVD (LD 6 L, LNL  L), or SPM (LNL 6 L,
LD  L) dominates during the evolution of the pulse. However,
if both LD and LNL are smaller or comparable to the fiber length
an interplay between GVD and SPM effects has to be taken into
account.

2.2 impacts of linear and nonlinear effects

2.2.1

Dispersion Phenomena

The effect of dispersion induces a temporal broadening of an optical
pulse which propagates inside a linear dispersive medium. This
process can be studied by solving the NLS equation for negligible
nonlinearity and absorption which leads to following equation
∂A
1 ∂2 A
= β2 2 .
∂z
2
∂T
For a Gaussian pulse shape of the form

(2.41)

i

p
T2
A(0, T ) = P0 exp − 2
2T0

!
,

(2.42)

with T0 being the temporal half width (at 1/e intensity point) we can
derive an analytical solution for the pulse envelop of the form
#
"
2
P
T
0
.
(2.43)
|A(z, T )|2 =
exp − 2
[1 + (z/LD )2 ]1/2
T0 [1 + (z/LD )2 ]
Hence, the Gaussian pulse maintains its shape during propagation
with a decreasing amplitude and an increasing width. If also absorption effects are considered the amplitude will experience an
additional decrease by a factor of exp(−αz/2). The pulse width in
dependence of the propagation distance z is given by
q
T1 (z) = T0 1 + (z/LD )2
(2.44)
where the extent of broadening is governed by the dispersion length
LD . Therefore, the broadening effect gets larger for initial shorter
√
pulses. At z = LD a Gaussian pulse broadens by a factor of 2 as
can be seen in Fig. 2.5
The GVD leads also to the phenomenon of frequency chirping,
meaning that the instantaneous frequency differs across the pulse
from the central frequency ω0 due to the varying speed of the individual frequency components. The difference δω from the central
frequency is given by the negative time derivative of the phase of
the Gaussian pulse and writes
δω(T ) = −

∂φ
sgn(β2 )(z/LD ) T
=
.
∂T
1 + (z/LD )2 T02

(2.45)
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Figure 2.5.: Temporal pulse broadening of an initially unchirped Gaussian pulse
(dashed curve) after a propagation distance of z = LD (black curve) without including absorption effects.

Hence, for a Gaussian pulse the frequency changes linearly across
the pulse and depends on the sign of β2 . For an initially unchirped pulse launched in the normal dispersion regime of a fiber the
impacts of the induced frequency chirp can be seen in Fig. 2.6. In
the normal dispersion range (β2 > 0), the chirp δω is negative at
the leading edge (T < 0) and increases towards the trailing edge
(up-chirp, chirp parameter C > 0), while the opposite occurs in the
anomalous dispersion regime. Since the red components travels faster
than blue components in the normal dispersion regime, they shift
towards the leading edge of the pulse during propagation along the
fiber.
For an Gaussian pulse with an initial chirp the pulse broadens
not by the same amount as in case of an initially unchirped pulse
in both the normal and anomalous dispersion regime. For a linearly
chirped Gaussian pulse the pulse envelop can be written as
p
T2
A(0, T ) = P0 exp −(1 + iC) 2
2T0

!
.

(2.46)
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Normal GVD induced frequency chirp
a)

z=0

b)
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Figure 2.6.: Frequency chirp in the case of normal dispersion for an initially
unchirped pulse (a) at the beginning and (b) at the end of a fiber. The schematic
illustrations are given in the time (top) as well as in the spatial domain (bottom). At
z = 0 all frequency components are superimposed. At z = L the low frequency
components are located at the leading edge of the pulse (early point in time), due
to the faster traveling red components in comparison to the blue components. The
frequency increases linearly from the leading to the trailing edge of the pulse which
corresponds to a positive chirp. As a consequence the red components arrive first at
a fixed position.

The magnitude of the chirp parameter C can be estimated from the
spectral half width (at 1/e intensity point) which is given by
∆ω = (1 + C2 )1/2 /T0

(2.47)

In the absence of frequency chirp (C = 0) the pulse is transformlimited (minimum time-bandwidth product) and satisfy the relation
∆ωT0 = 1. This means that for a given spectral width, there is a
lower limit for the pulse duration. The occurrence of a chirp leads
to a time-bandwidth product that exceeds the Fourier limit by a factor of (1 + C2 )1/2 . Furthermore, chirped pulses broaden at a faster
rate than unchirped pulses for β2 C > 0 and first compress before
getting broader when β2 C < 0.
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Another important pulse shape is a hyperbolic secant pulse of the
form
p
T
(2.48)
A(0, T ) = P0 sech( ),
T0
which results in nearly similar qualitative features of dispersioninduced broadening but causes a no longer purely linear chirp.
The pulse duration at the full width at half maximum (FWHM) of
the intensity profile for both pulse shapes are given by
√
TFWHM,gauss = 2 ln 2 T0 ,
(2.49)
√
(2.50)
TFWHM,sech = 2 ln(1 + 2) T0 .
The same relations between the FWHM and spectral half width at
1/e hold true for the spectral intensity profiles. The appropriate
FWHM time-bandwidth products for both pulse shapes are given
by ∆ωFWHM · TFWHM > 2π · cB , with the pulse shape dependent
constant cB tabulated in Table 1 [25].
Table 1.: Intensity profile, spectral profile and FWHM time-bandwidth constant for
a Gaussian and hyperbolic secant pulse.
Shape
Gauss
Sech

2.2.2

Temporal profile
P0 exp −



P0 sech2



T
T0
T
T0

2


Spectral profile
P̃0 exp −
P̃0 sech2


ω 2
∆ω
ω
∆ω



cB
2 ln(2)
≈ 0.441
π
√ 2
[2 ln(1+ 2)]
≈ 0.315
π2

Nonlinear Phenomena

The intensity dependence of the refractive index causes the effect
of self-phase modulation, which generates new spectral components.
By considering only the instantaneous electronic contribution and
neglecting dispersion as well as absorption effects the NLS equation
can be written as
∂A
= iγ |A|2 A.
(2.51)
∂z
The general solution is
A(z, T ) = A(0, T ) exp[iΦNL (z, T )],

(2.52)

2.2 impacts of linear and nonlinear effects

with the intensity dependent nonlinear phase shift ΦNL given by
ΦNL (z, T ) = |A(0, T )|2 γz.

(2.53)

The maximum nonlinear phase shift ΦNL,max occurs at the pulse center
at T = 0 where the intensity is the highest and is given at the end
of the fiber (z = L) by
(2.54)

ΦNL,max = γP0 L.

If the nonlinear length LNL gets equal to the fiber length L the maximum phase shift is ΦNL,max = 1.
The time dependence in the nonlinear phase which is caused by
the pulsed light field leads to spectral changes. An instantaneous
frequency can be introduced analog as in the preceding dispersion
case which differs across the pulse shape from its central frequency
ω0 by
∂ΦNL
∂
|A(0, T )|2 .
δω(T ) = −
= −γL
(2.55)
∂T
∂T
This frequency chirp induced by SPM increase linearly with the propagation distance and depends on the pulse shape A(0, T ). Since the
temporal pulse shape remains unchanged new frequency components will be generated continuously along the fiber. For a positive
nonlinear refractive index the leading edge of a pulse (T < 0) is
shifted to lower frequencies (red shift) and the trailing edge (T > 0)
(a)

(b)

Gauss

I(T)

SPM-induced frequency chirp

w(T)
w0

Red

TFWHM

0

Dwmax Blue

T

0

T

Figure 2.7.: (a) Intensity profile of a Gaussian pulse and (b) SPM induced frequency
chirp for a Gaussian pulse. The instantaneous frequency shows a pulse shape dependent maximum frequency splitting of ∆ωmax . The frequency shift δω is negative
near the leading edge (red shift) and becomes positive near the trailing edge of the
pulse (blue shift). In the central region of a Gaussian pulse the chirp is linear and
positive.

27

basics of linear and nonlinear fiber optics

to higher frequencies (blue shift) which is illustrated in Fig. 2.7 for
a Gaussian pulse shape.
To account for absorption losses which will decrease the peak
power during propagation, the fiber length L can be replaced in all
former equations by the smaller effective fiber length Leff which is
given by
Leff = [1 − exp(−αL)]/α.
(2.56)
For an initially unchirped pulse SPM leads always to spectral broadening with a spectral evolution that is shown in Fig. 2.8. The symSpectral broadening by SPM
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Figure 2.8.: (a) Spectra and (b) evolution of SPM for an unchirped Gaussian pulse
for different maximum nonlinear phase shifts φmax . A phase shift of π corresponds
to a fiber length of 10 cm in the evolution plot.

metric oscillatory structure of the spectrum with many peaks can
be understood by considering the fact that the same instantaneous
frequency emerge at two distinct points within the pulse. These two
points referring to two waves with the same frequency that can interfere constructively or destructively depending on their relative
phase difference. So the peak-structure of the spectrum is a result
of such interference. For a hyperbolic secant pulse it is even possible to obtain an analytical expression for the transmitted spectrum
as shown in the paper of Huy and co-workers [26].
The maximum frequency splitting ∆ωmax as indicated in Fig. 2.7 is
pulse shape dependent and can be derived by setting the second
derivative of the nonlinear phase shift to zero. For an unchirped
Gaussian pulse one obtains
∆ωmax = 0.86∆ω0 γP0 Leff ,

(2.57)

2.2 impacts of linear and nonlinear effects

with the initial spectral width ∆ω0 = T0−1 .
The behavior of spectral broadening is dramatically influenced
if the initial pulse is chirped. For a positive chirp parameter C the
spectral broadening increases and the oscillatory structure becomes
less pronounced. However, for a negatively chirped pulse the spectrum gets narrower. This is due to the fact that the chirp induced by
SPM is linear and positive over the central position of a Gaussian
pulse (see Fig. 2.7) and can be compensated by a negative input
chirp.
2.2.3

Interplay between Dispersion and Nonlinear Phenomena

In the two preceding subsections GVD and SPM effects have been
treated separately which is not reasonable in case of high-power
femtosecond laser pulses. To study the combined effects for which
the dispersion length LD and the nonlinear length LNL are in the
same range and comparable to the fiber length L a new parameter,
the soliton number N, can be introduced
s
N=

LD
=
LNL

s

γP0 T02
.
|β2 |

(2.58)

The soliton number N governs the relative importance of SPM and
GVD effects. Two different cases (normal- and anomalous-dispersion) have to be distinguished which have a fundamental impact
on the spectral broadening behavior.
In the normal dispersion regime the new generated frequency components through SPM (red-shifted near the leading edge and blueshifted near the trailing edge of the pulse) lead to a more rapid
temporal pulse broadening compared to the case in which no SPM
effects are accounted for. This is due to the fact that in the normal dispersion regime (β2 > 0) red components travels faster than
blue components. The enhanced temporal broadening causes a reduced spectral broadening compared with the case in which GVD
is absent. This can be explained by the fact that temporal pulse
broadening comes along with a reduction in peak power.
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For a large soliton number (N  1) SPM effects dominate but
small positive dispersion leads to a significant temporal pulse shaping with sharp leading and trailing edges. The importance of GVD
(second temporal derivative) increases at the edges resulting to the
development of an oscillatory structure near the pulse edges which
is accompanied by side-lobes in the spectrum. This phenomena is
called optical wave breaking and can only occur in the normal dispersion region.
In the anomalous dispersion regime the situation is completely different. The positive chirp induced by SPM is compensated by the
negative chirp induced by GVD leading for N = 1 to a nearly steady
state in which the temporal as well as the spectral form will remain
unaffected during propagation. This scenario corresponds to the
evolution of a fundamental soliton. In case of an initial sech-shape the
pulse evolve unchanged whereas for a Gaussian shape the pulse adjusts itself at the beginning to become nearly sech-shaped. Hence,
a Gaussian pulse temporally broadens initially while the spectrum
narrows to get chirp-free.
For higher order solitons (N > 2) a periodic evolution of the temporal as well as the spectral pulse properties occur. The propagation
length after which the initial temporal and spectral form is restored
is given by the soliton period
π
z0 = LD .
(2.59)
2
This repeated pattern is based on an interplay between SPM and
GVD effects. In a first stage SPM dominates resulting in a spectral
broadening but anomalous GVD leads to a temporal narrowing of
the central region of the pulse (only in that region the pulse chirp
is linear). The increased intensity near the central part of the pulse
affects the spectral form mainly in the center. As a consequence the
pulse temporally splits up into two pulses before the original form
is restored after z0 .
However, in optical fibers perturbations due to higher nonlinear
and dispersive effects modify the evolution characteristics of higher
order solitons. The perturbations lead to a breakup of higher order
solitons into multiple fundamental solitons referred to as soliton
fission which is explained in detail in the next section.

2.3 highly nonlinear phenomena

If the pulse and fiber parameters are not matched that N is an
integer the pulse adjusts its peak power and width as it propagates
along the fiber to evolve into a soliton whose order is an integer
closest to the launched value of the soliton number. A part of the
pulse energy is dispersed away in that process known as dispersive
wave radiation. For weakly chirped pulses the evolution into a soliton is not disturbed whereas a strong input chirp can destroy the
formation of a soliton.
2.3

highly nonlinear phenomena

In the discussion of the NLS equation so far the only nonlinear
effect included was SPM through the instantaneous electronic contributions. There are further nonlinear effects that are based on the
delayed nuclear contribution that superimpose and influence the
behavior of SPM-induced spectral broadening in highly nonlinear
fibers. For ultra-short femtosecond pulses the simultaneous occurrence of SPM and other nonlinear effects can lead to extreme spectral broadening (> 1000 nm) which is called supercontinuum generation. In this section a generalized nonlinear Schrödinger equation is
introduced which accounts for higher order nonlinear as well as dispersion effects. In addition special attention is paid to the delayed
nature of the nonlinear response function. In liquid filled fibers another mechanism as in glass fibers plays a dominant role and is
reviewed in detail.
2.3.1

Generalized Nonlinear Schrödinger Equation

For fibers with moderate nonlinearity and pumped with not too
short pulses (pulse duration > 1 ps) the NLS equation (Eq. 2.39) can
be used to describe the pulse propagation in optical fibers. However,
for highly nonlinear fibers pumped by ultra-short pulses in the subpicosecond regime Eq. 2.39 has to be modified.
So for example the delayed nature of the nonlinear response have
to be accounted for. The delayed nature is based on the retarded nuclear contribution in comparison to the nearly instantaneous elec-
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tronic contributions to the nonlinear response. In general, the functional form of the nonlinear response function R(t) can be written as
R(t) = (1 − fR )δ(t) + fR hR (t),

(2.60)

where the fractional contribution of the retarded response is represented by fR . The response function given by hR (t) can account for
molecular vibrations (Raman) as well as reorientational motions of
liquid molecules. The first part in Eq. 2.60 is the electronic contribution that is assumed to react in such a short timescale to an optical
field that it can be treated as nearly instantaneous governed by the
Dirac
R∞ delta function. The response function is normalized such that
0 R(t)dt = 1.
Considering the retarded effects the nonlinear polarization PNL
takes the form
Zt
3
2
(3)
PNL = 0 χxxxx E(r, t)
R(t − t 0 ) E(r, t 0 ) dt 0 .
(2.61)
4
−∞
Hence, a powerful optical laser pulse causes an intensity dependent
change in the polarizability of the molecule where the temporal
dynamics of the material response is governed by R(t).
Furthermore, modifications due to the large spectral widths of
ultra-short pulses have to be regarded. Higher order dispersion effects as well as the frequency dependence of the nonlinear parameter γ and the absorption coefficient α have to be considered. The additional considerations lead to the generalized Nonlinear Schrödinger
(GNLS) equation of the form


∞
X
∂
∂A 1
in βn ∂n A
+
α(ω0 ) + iα1
A−i
= ...
∂z
2
∂T
n! ∂T n
n=2


  Z∞
∂
0
0 2
0
i γ(ω0 ) + iγ1
A
R(t ) A(z, T − t ) dt (2.62)
∂T
0
The frequency dependence of the nonlinear refractive index n2I
and the effective mode area Aeff are included in γ1 = ∂γ/∂ω|ω=ω0 .
They becoming important for broad supercontinua with γ1 given
by
!
1
1 ∂n2I
1 ∂Aeff
γ1 = γ(ω0 )
−
. (2.63)
+
ω0 n2I ∂ω ω=ω0 Aeff ∂ω ω=ω0

2.3 highly nonlinear phenomena

The first part of the γ1 term mostly dominates and is responsible
for the intensity dependency of the group velocity causing the effect
known as self-steepening.
Mainly, the GNLS equation is solved numerically by the splitstep Fourier method where the fiber is divided into small segments
and linear and nonlinear effects are successively considered in the
frequency and time domain, respectively.
2.3.2

Nonlinear Response Function

As discussed before the nonlinear response function R(t) Eq. 2.60
has an electronic and a nuclear contribution which are described in
the following in more detail.
Basic electronic contribution
A high-intensity optical pulse can perturb the electronic structure
of a molecule causing an intensity dependent change in the polarizability. Since the bound electrons in its cloud would be distorted by
an applied field within a few femtoseconds, the electronic response
when pumping with pulses of several hundreds of femtoseconds
duration can be treated as instantaneous [27]. This electronic contribution is accommodated in the first part of R(t) with the Dirac
delta function.
Nuclear contribution in glasses
If the peak power of an incident pulse is above a certain threshold
stimulated Raman scattering (SRS) can transfer energy to a new pulse
at a different wavelength. The process is based on stimulated inelastic scattering of photons on optical phonons. A incident pump photon with frequency ωp excites the molecule into a higher virtual
energy state. This higher state decays under the emission of a photon with the smaller frequency ωs whereas the molecule remains
in an excited vibrational state. So energy from the short wavelength
pulse is transferred to the long wavelength pulse during propagation inside an optical fiber whereas a part of the pulse energy
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h(ωp − ωs ) = hΩR is taken by the molecules with ΩR being the
vibrational frequency. Hereby the wavelength shift is determined
by the material dependent Raman gain spectrum. However, stimulated Raman scattering only takes place above a certain threshold,
since in the absence of a seed pulse with frequency ωs the process is induced by spontaneous Raman scattering (vacuum fluctuations). The limiting factor of SRS with picosecond pump pulses is
the walk-off due to the group-velocity mismatch. So energy can be
only efficiently exchanged during the time in which the pump and
Raman pulse overlap.
A special case holds for ultra-short pump pulses whose spectral
widths are large enough that the Raman gain can amplify the long
wavelengths components trough an energy transfer from the short
wavelength components of the same pulse. Hence, within the same
pulse photons at the pump as well as the Stokes frequency are contained. This phenomenon can occur even before the threshold of
noise-induced SRS is reached and is called intrapulse Raman scattering. The simultaneous excitation of molecular vibrations cause an
additional time and intensity dependent change in the polarizability of the molecule which is accounted for in the nonlinear response
function. Its physical origin is related to the delayed nature of the
vibrational response.
A consequence of the amplification by the Raman gain is a continuous shift of the spectral components to the longer wavelength (red)
side as the pulse propagates along the fiber. This effect is called
Raman-induced frequency shift.
Raman Gain (10-14 m/W)
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Figure 2.9.: Measured Raman gain spectrum of fused silica [7, 28]. The dominant
frequency shift is around 13 THz.

2.3 highly nonlinear phenomena

The Raman gain spectrum have to be measured separately as shown
in Fig. 2.9 for fused silica. The most significant feature is that the
Raman gain extends over a large frequency range with a broad
peak located around 13 THz. From the measured gain spectrum the
temporal form of the Raman response function can be derived (see
Fig. 2.10) [29]. The response function is basically a decaying oscillation where the relaxation time is characterized by the stretching
vibrational motion of the oxygen atom in the Si-O-Si band [30]. The
initial oscillation of the response has a period of ∼ 75 fs and for
pulse durations smaller then this characteristic response time, the
nonlinearity decreases because of the diminishing strength of the
nuclear contribution [28].

Raman response function
of fused silica
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Figure 2.10.: Raman response function of fused silica deduced from the measured
gain spectrum [7, 28].

Assuming that a single Lorentzian profile can cover the dominant
peak in the Raman gain spectrum an approximation of the Raman
response function have been derived [31]
hR (t) =

τ21 + τ22
exp(−t/τ2 ) sin(t/τ1 ),
τ1 τ22

(2.64)

where τ1 = 1/ΩR is the oscillation rate corresponding to the inverse
of the peak frequency in the Raman gain spectrum and τ2 is the
damping time of the vibration corresponding to the width of the
gain spectrum [29]. Values for the time constants can be found in
the appendix. The fraction of the Raman response is found to be
fR = 0.18, meaning that less than 20% of the nonlinear material
response is attributed to molecular vibrations.
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In recent years modified forms of hR (t) were proposed to describe the spectral parts below 5 THz and above 15 THz in the Raman gain spectrum more accurately [30, 32]. This new Raman response functions for fused silica with additional terms can provide
a better fit to the experimental data and are shown together with
the simple Raman response function of Eq. 2.64 in Fig. 2.11.
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Figure 2.11.: Normalized Raman response functions hR (t) for fused silica. The blue
dashed curve after Eq. (2.64) models only the first oscillation and neglects the residuals [31]. The green dashed curve after Ref. [30] and the solid red curve after Ref. [32]
consider multiple terms and better represent the actual Raman response function as
given in Fig. (2.10).

For the soft-glass materials studied in our experiments in the
mid-infrared spectral range the Raman gain spectra vary compared
to fused silica as shown in Fig. 2.12. However, due to small variations in the composition of the glasses the exact gain spectra of the
individual glasses under investigation are unknown. Equation 2.64
with available literature data for the time constants is used for most
of our studied soft-glasses and is given in the appendix. The fraction of the Raman response for the soft-glasses is somewhat higher
as for fused silica and has to be optimized during simulations.

2.3 highly nonlinear phenomena
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Figure 2.12.: Measured Raman gain spectra for the chalcogenide glasses (a) As2 S3
[33] and (b) As2 Se3 [34], (c) the flouride glass ZBLAN [35], and (d) tellurite glass
[36].

Nuclear contribution in liquids
The previous description of the retarded nuclear contribution with
the Raman response function attributed to molecular vibrations is
reasonable for glasses but for liquids another type of retarded response dominates. For certain highly nonlinear liquids the fraction
of the so-called reorientational response can constitute as much as
fR = 0.90 [37]. The timescales for the reorientational processes are
slower compared to the Raman process and lie in the picosecond
to sub-picosecond regime. Hence, the reaction time of the liquid
molecules are in the same range as the used pulse durations and
the strength of the reorientational contribution can change significantly depending on the temporal overlap. For pulses with durations much shorter than the orientation time of the liquids the
contribution to the nonlinear polarization will be small since the
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response does not have sufficient time to accumulate. The pulse duration dependent nonlinear strength in the sub-picosecond pulse
regime have been studied in detail for the most popular nonlinear
optical liquid carbon disulfide by Reichert and coworkers [38].
A prerequisite for the high nonlinearity of liquids that based
on molecular reorientation is the appearance of a significant high
permanent anisotropic polarizability. The reorientation process originates from the tendency of anisotropic molecules to become aligned
in the electric field of an applied optical wave as depicted in Fig. 2.13
for the cigar-shaped molecule carbon disulfide (CS2 ). The polariz-

Anisotropic polarizability of liquids
p

E
q
a3
a1

Figure 2.13.: A cigar-shaped molecule, such as CS2 has a larger polarizability α3
along the symmetry axis, as perpendicular to it (α3 > α1 ). The induced dipole
moment p thus will not be parallel to E but experience a torque that tries to align
the molecule along the applied electric field. The associated change of refractive
index is proportional to |E|2 .

ability along the symmetry axis α3 is larger than perpendicular to
it α1 , resulting in an induced dipole moment p that will not be parallel to the light field E. A torque ø = p × E will be applied on the
molecule trying to reorient it along the electric field. The reorientation counteracts thermal agitation which tends to randomize the
molecular orientation. The orientational potential energy for an angle θ between the linearly polarized light field E and the molecular
axis is given by [27]
1
1
U = − α1 |E|2 − (α3 − α1 ) |E|2 cos2 (θ).
2
2

(2.65)

2.3 highly nonlinear phenomena

Since the timescale for the reorientation process is a few picoseconds the molecular orientation can respond only to the slow frequency components near zero frequency contained in |E|2 . The fast
oscillating frequency components with 2ω contained in |E|2 can be
neglected and a time averaged electric field can be assumed.
The intensity dependent refractive index for such a medium is
connected to the expectation value of the molecular polarizability
via [27] n2 = 1 + χ = 1 + Nhαi/0 , where N is the number density
of molecules. hαi can be obtained from the mean orientational energy given by hUi = −1/2 |E|2 hαi. By comparison with Eq. 2.62 we
get [27]
hαi = α1 + (α3 − α1 )hcos2 (θ)i.
(2.66)
An expression for the expectation value of cos2 (θ) in thermal equilibrium can be derived from the Boltzmann distribution [27]
R
dΩ cos2 (θ) exp[−U(θ)/kT ]
2
R
hcos (θ)i =
,
(2.67)
dΩ exp[−U(θ)/kT ]
with the Boltzmann constant k, temperature T and angle integration
dΩ = 2π sin(θ)dθ.
By introducing an intensity parameter J = 1/2(α3 − α1 ) |E|2 /kT
we get the expression
Rπ

cos2 (θ) exp[J cos2 (θ)] sin(θ)dθ
1 4J 8J2
Rπ
≈
+
+
+··· ,
2
3 45 945
0 exp[J cos (θ)] sin(θ)dθ
(2.68)
which can be approximated by a series expansion. For the limit of a
very weak optical field strength (J → 0) the expectation value gets
hcos2 (θ)i = 1/3 and the refractive index writes in the absence of
interactions that tend to orient the molecule as [27]
2

hcos (θ)i =

0

n20 = 1 +

2
N 1
( α3 + α1 ),
0 3
3

(2.69)

with a physical reasonable mean polarizability.
In general, the anisotropic polarizability leads to a modified value
of the refractive index because the average polarizability changes by
the molecular alignment. The square of the refractive index change
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attributed to the nonlinear effect of reorientation can be expressed
as
N
(α3 − α1 )[hcos2 (θ)i − 1].
(2.70)
n2 − n20 =
0
Since n2 − n20 is much smaller than n20 we can approximate n2 −
n20 ≈ 2n0 (n − n0 ) and find for the nonlinear induced change of the
refractive index δn by taking the expansion of the expectation value
of cos2 (θ) up to the first order [27]


N
1
(α3 − α1 ) hcos2 (θ)i −
δn = n − n0 =
2n0 0
3
=

|E|2
N
(α3 − α1 )2
∼ n2I I.
45n0 0
kT

(2.71)

Hence, the reorientational effect is proportional to |E|2 and nonlinear in the applied field. In Fig. 2.14 the variation of (hcos2 (θ)i − 1/3)
with the intensity parameter J is shown.

Molecular reorientation in liquids

2

J = 1/2 (a3- a1) |E| /kT
Figure 2.14.: Behavior of the molecular alignment on the optical field intensity [27].

The reorientational response function of the most promising and
mostly studied liquid carbon disulfide (CS2 ) is described in the following in more detail. However, its functional form is general and
can be transferred to most of the other highly nonlinear liquids. In
the orientation dynamics of CS2 three distinct temporal responses

2.3 highly nonlinear phenomena

of the molecule play a fundamental role [39], which are combined
in the reorientational response function hR (t). The three nuclear responses that arise from motions of the molecule are modeled by
[38–40]
hR (t) = A1 e(−t/tdiff ) (1 − e(−t/trise,1 ) )
+ A2 e(−t/tint ) (1 − e(−t/trise,1 ) )
+ A3 e(−t

2 /(2t2 )
fast

sin(t/trise,2 ),

(2.72)

with a diffusive (tdiff ), an intermediate (tint ), and a librational (tfast )
relaxation time. The diffusive time tdiff describes the relaxation rate
of thermally randomization after a pulse has tried to orient the
molecule along the field [38]. This time constant for the slowly exponentially decaying dynamics in CS2 is as long as 1.68 ps [40]. To
account for inertia of the molecule a rise time (trise ) is included
which should be similar for all the non-instantaneous mechanisms.
The libration is based on an oscillatory rocking motion that results
from the molecular alignment towards the field but which is hindered by neighboring molecules. The loss of coherence between
many oscillating molecules caused by collisional dephasing, deter-

Response function hR (t)
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Figure 2.15.: Contributions of the individual components of the reorientational response functions hm (t) for CS2 (green, red, and turquois curve) [14]. The complete
response function (blue curve) shows no oscillations but a slow decaying trend in
comparison to the Raman response of fused silica.
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mines the decay time of this mechanism which is relatively fast
[38]. The dynamics of the third intermediate time scale consist of
complex intermolecular collision-induced variations in the molecular polarizability caused e.g. by dipole-induced dipole interaction
from neighboring molecules [38].
The effects of the individual components and the complete reorientational response function of CS2 are shown in Fig. 2.15. The
dominating contribution at long timescales is the diffusive reorientation. In contrast to the delayed Raman response in glass which
is characterized by intramolecular vibrations, the reorientational response function is non-oscillating and only slowly approaches zero.
The pulse duration dependence of the nonlinear strength of CS2
is illustrated in Fig. 2.16 [38]. In the limit of short pulse widths
Reorientational response function of CS2

Figure 2.16.: Pulse width dependence of the nonlinear refraction of carbon disulfide
(CS2 ) after reference [38]. In the limit of short pulse duration the effective nonlinear
refractive index converge to the instantaneous electronic induced nonlinear refractive index while in the long pulse limit both electronic and nuclear contributions
fully account.

(< 100 fs) only the instantaneous bound-electronic response contributes. As the pulse width increases, the delayed contribution add
to the nonlinear refraction. For pulses > 10 ps the long pulse limit
is given by the sum of all four mechanisms contributing to the nonlinear refractive index.

2.3 highly nonlinear phenomena

Reichert and co-workers [38] find a negligible frequency dependence of the non-instantaneous contribution to the nonlinear refraction as well as a dispersion of the instantaneous contribution due to
multi-photon absorption. Multi-photon absorption in CS2 can also
cause thermal-optical nonlinearities at nanosecond or high repetition rate (several tens of MHz) femtosecond pumping [41, 42].
Intramolecular Raman vibrations are superimposed on the other
four nuclear responses but can be neglected in the description of
the response function of liquids.
For the response functions of the other investigated liquids a similar functional form as for carbon disulfide has been used as shown
in the appendix.

2.3.3

Soliton Fission

For femtosecond pulses the effects of higher-order dispersion, selfsteepening, and delayed nonlinear response have to be taken into
account which can perturb the ideal periodic evolution of a higher
order soliton and induce soliton fission into N-th fundamental solitons. The most significant perturbation for pulses of several hundreds of femtoseconds comes from the non-instantaneous nuclear
response. The ejected fundamental solitons after the fission process
differ in peak power and temporal width and are given by [43]
Aj (z, T ) =

q
Pj sech(T/Tj ),






for
Pj (z, T ) = P0 (2N − 2j + 1)2 /N2 , j = 1, ..., N.


Tj (z, T ) = T0 /(2N − 2j + 1),

(2.73)

The soliton ejected earliest has the highest amplitude and the shortest duration. Hence, it experiences the largest red-shift after the
fission process in an optical fiber as can be seen in Fig. 2.17. In
the initial stage before the breakup the higher order soliton undergoes temporal compression and spectral broadening. The distance
at which fission takes place corresponds to the point of maximum
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Figure 2.17.: (a) Spectral and (b) temporal evolution of the soliton fission process for
an incident soliton with N = 7.

spectral bandwidth of the higher order soliton. The fission length is
approximately given by [43]
Lfiss ∼

LD
.
N

(2.74)

The propagation distance at which soliton separation becomes evident in the temporal as well as in the spectral evolution is found to
be ∼ 5LD [43].
2.3.4

Frequency Red-Shift

As discussed already in the preceding subsection the delayed nature of the nonlinear response function influences the spectral broadening behavior.
In glasses the impacts are stronger in the anomalous dispersion
case due to the rapid temporal pulse broadening caused by normal GVD which hinders high-frequency components to efficiently
pump low-frequency components of the same pulse through stimulated Raman scattering. Since the Raman-induced frequency shift
(RIFS) shifts spectral components towards longer wavelengths (redshift) the pulses temporally slows down because of a lower group
velocity at longer wavelengths (see temporal trajectory in Fig. 2.17).
A further important impact of the RIFS appears for short fundamental solitons that also fulfill the requirement of a broad spectral
width. The experienced shift grows linearly with distance in short
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fiber lengths where the soliton remains chirp free. The so-called
soliton self-frequency shift (SSFS) is given by
Ω(z) ∝ −

|β2 |
z,
T04

(2.75)

and scales with T0−4 . Hence, the shift can become large since ejected
fundamental solitons after soliton fission have short pulse widths
as can be seen in Fig. 2.17. The linear increase of the RIFS with
distance holds only true for the early stage of pulse evolution. Due
to chirping of the soliton related to third-order dispersion and intrapulse Raman scattering the frequency shift becomes saturated
and the pulse width increases. For pulses that did not maintain its
width along the fiber (not soliton-like) the RIFS is reduced. Especially in the normal dispersion regime the RIFS strongly depends
on the initial pulse width and saturates due to the rapid temporal
pulse broadening.
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Figure 2.18.: Frequency red-shift in liquid CS2 -filled capillary fiber for different
transmitted power values. In the first broadening stage SPM dominates until the
long spectral components can be amplified by the short wavelength components.
Since then a long wavelength pulse separates and continuously shift to the lower frequency range. A huge red-shift up to 1250 nm could be obtained at only a moderate
average output power of ∼ 4 mW.
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In liquids the delayed nature of the nonlinear response function
leads also to a red-shift of the spectral components analog as in the
case of glasses. This is due to the fact that a part of the pulse energy is taken by the liquid molecules during the orientation process.
For an efficient red-shift ultra-short pulses are not beneficial as discussed previously. Hence, a huge red-shift can also be observed in
the normal dispersion regime of the fiber as illustrated in Fig 2.18
for a CS2 -filled capillary fiber with a core diameter of 2 µm.

2.3.5

Self-Steepening

The parameter that governs the effect of self-steepening is the dominant first term of γ1 given by Eq. 2.63 and writes as s = 1/(ω0 T0 )
[7]. The intensity dependence of the group velocity leads to a temproal pulse shape distortion (the peak moves at a lower speed than
the wings). The peak of the pulse which has the highest intensity
is shifted towards the trailing edge during propagation along the
fiber and the pulse form becomes asymmetric. As a result, the trailing edge become steeper and steeper with increasing propagation
distance as shown in Fig. 2.19(a) for the dispersion-less case. In
practice, an optical shock (infinite steepness) is prevented by GVD
which broadens the pulse.
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Figure 2.19.: Impact of the nonlinear effect of self steepening in (a) the time and (b)
the spectral domain for a Gaussian pulse in the dispersion-less case. Self-steepening
leads to a asymmetry in the pulse shape as well as in the spectrum with further
blue-shifted than red-shifted components.

2.3 highly nonlinear phenomena

The distort temporal pulse shape results in a spectral asymmetry
where the SPM-induced spectral broadening is larger on the blue
side than on the red side (see Fig. 2.19(b)). This can be understood
by the steeper trailing edge of the pulse which implies larger broadening of the spectral components which were generated near the
trailing edge (blue components). The red shifted peaks are more intense than the blue shifted because of the same energy distributed
over a narrower spectral range [7]. The spectral form is influenced
by considering also GVD and absorption effects, but the main asymmetric feature is maintained.
The effect of self-steepening is quite small for our used pulse
parameters with durations above 200 fs.
2.3.6

Dispersive Wave Generation

Including the effect of higher-order dispersion modifies the soliton
fission process. Perturbations of the ejected fundamental solitons
result in an adjustment of the pulse widths and peak powers to
maintain the condition N = 1. Dispersive waves can be generated in
the normal dispersion regime of the fiber from a resonant energy
transfer from the soliton if phase matching is ensured. This means
that the secondary dispersive waves that are generated partially by
the primary soliton wave must propagate at the same phase velocity
to achieve constructive interference. Hence, the frequency ωDW at
which the dispersive wave is generated is determined by the linear
and nonlinear phase of the soliton φS and the linear phase of the
weaker dispersive wave φDW after following equation [43]
β(ωS ) − ωS /vg,S + γP0,S = β(ωDW ) − ωDW /vg,S ,
|
{z
} |
{z
}
φS

(2.76)

φDW

with vg,S being the group velocity of the soliton at frequency ωS . In
the presence of Raman scattering the energy transfer to the dispersive wave is significantly reduced [43].
In case of two ZDWs dispersive waves can be generated in both
normal dispersion ranges below the first and above the second
ZDW. They are referred to as blue-shifted and red-shifted dispersive
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waves, respectively. The soliton-self frequency shift stops before the
soliton spectrum reaches the second ZDW amplifying red-shifted
dispersive waves. The phenomenon of a cancellation of the SSFS
was first observed in a photonic crystal fiber by Skryabin et al. [44].

2.3.7

Cross-Phase Modulation and Four Wave Mixing

The intensity dependence of the refractive index can lead to the effect of cross phase modulation (XPM) when two optical pulses propagate simultaneously along an optical fiber. Analog to SPM, XPM
is based on a nonlinear phase shift of an optical field but in this
case induced by another field (not same field) having a different
wavelength or state of polarization.
Four-wave mixing FWM is based on the third-order susceptibility χ(3) and involves interaction among four optical waves of different frequencies. However, compared to SRS four wave mixing
only takes place efficiently if a phase matching condition is satisfied. Hence, the input wavelengths and fiber parameters have to
match properly. During the parametric interaction photons are annihilated and new photons are created at different frequencies such
that energy and momentum are conserved. The most prominent
case of FWM is when two sidebands are generated. Hereby two
pump waves of the same frequency are converted into a downshifted frequency (Stokes) and a up-shifted frequency (anti-Stokes)
relative to the pump.
FWM and XPM are able to fill remaining gaps in the spectrum
during SC generation if the spectral components overlap and are
not separated through dispersive effects. Hence, very flat ultrabroad spectra can be achieved.

2.3.8

Nonlinear Birefringence

As discussed already in section 2.1.4 a single-mode fiber can support two orthogonal polarized modes due to the modal birefringence. This birefringence is based on slightly different linear refrac-
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tive indices and hence unequal propagation constants along the two
principal axes (βx 6= βy ).
However, an additional nonlinear birefringence can be induced by
a strong light field. The nonlinear contributions of an arbitrary polarized optical wave to the refractive index are given by


2
∆nx = n2E |Ex |2 + |Ey |2 .
3

(2.77)

An analog equation holds true for ∆ny with exchanged x and y
components. The first term governs the effect of SPM whereas the
second term treats XPM. Hence, the one polarization component
experience a nonlinear phase shift that depends on both the own
and the other polarization component. Since ∆nx 6= ∆ny nonlinear
birefringence is induced which leads to a rotation of the polarization known as nonlinear polarization rotation. The magnitude of the
nonlinear birefringence depends on the intensity as well as on the
polarization state of the incident light.
The phenomena of polarization instability occurs if a large change
in the output polarization state is obtained when the input power
is close to a critical value and when the input beam is polarized
close to the fast axes. The critical peak power is reached when the
nonlinear length gets comparable to the beat length (LNL ≈ LB ).
2.3.9

Coherence Properties

The temporal coherence properties of a supercontinuum can differ according to the fiber and laser parameters. This becomes important
for some applications such as temporal pulse broadening or FTIR
spectroscopy where phase stability is required.
The major point is the sensitivity of the SC to noise which is described in detail in the review of Dudley and co-workers [43]. If
the initial spectral content develops spontaneously from noise and
is not seeded by the spectral components of the broadband pulse
itself the supercontinuum becomes partial decoherent. Amplified
noise results in large shot-to-shot fluctuations of the amplitude which
leads to wavelength fluctuations due to the power dependence of
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the spectral shift. The wavelength fluctuations in turn result in temporal jitter.
There are several ways to maintain the coherence properties at a
high level:
• When pumping in the anomalous dispersion regime the soliton number should be kept small. In general a guideline to
ensure a high level of SC coherence is given by the condition
N << 16 [43]. However, the precise value of the soliton order
N for which the coherence can be maintained depends on the
actual fiber and source parameters [45] and have to be examined e.g. by simulations. Short pulse durations will help to decrease the soliton order. Hence, the spectral extent of shorter
pulses can overlap with the gain bandwidth of modulation instability to seed coherently before noise from the background
can be amplified. In addition, the subsequent soliton fission
process occurs after a shorter distance before any noise from
the pump laser can be amplified. A further way to maintain
the coherence of the pump beam during SC generation process is to use fundamental soliton pump pulses with N = 1
rather than higher order soliton pulses to avoid soliton fission.
• When pumped in the normal dispersion regime the coherence can be also maintained when purely SPM based broadening takes place. If Raman processes or FWM get involved
at higher pump power levels the degree of coherence will decrease as well.

3

H I G H LY N O N L I N E A R M I D - I N F R A R E D F I B E R
M AT E R I A L S A N D D E S I G N S

The main goal of this thesis is to investigate highly nonlinear fibers in
the near- and mid-infrared wavelength range from 1 − 5 µm. Standard optical glass fibers for the telecommunication branch are made
of fused silica. However, silica fibers become nontransparent beyond a wavelength of 2.4 µm. Furthermore, fused silica has only a
moderate nonlinear refractive index compared to other glass compositions or some liquids. So in this chapter fiber materials suitable
for the near- and mid-infrared range are presented in combination
with special fiber geometries which allow to enhance the nonlinearity and provide the possibility to tailor the dispersion properties
accordingly.
3.1

fundamental material properties

Fused silica glass fibers (SiO2 ) are not suitable for our experiments
although they are abundantly used in the visible and near-infrared
spectral range (0.4 µm - 2.4 µm) due their well-developed optical
and mechanical properties. Their high absorption losses above a
wavelength of about 2.4 µm result from the excitation of lattice vibrations.
An alternative are so called soft-glass fibers that are made of glass
materials with reduced binding forces to shift the vibrational absorption bands further in the infrared. Side effect of the enhanced
transmission range are substantially lower robustness and durability compared to silica fibers which hamper the handling regarding
cleaving and splicing as well as fiber fabrication. An advantage of
the soft-glasses is a higher nonlinear refractive index which reduces
the required power that will be necessary to generate broad supercontinua. However, the material zero dispersion wavelengths of the
soft-glasses are longer compared to fused silica, which group veloc-
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ity dispersion becomes zero near 1.3 µm. Hence, fused silica fibers
can be easily pumped in the anomalous dispersion regime with conventional erbium-doped fiber lasers at a wavelength of 1.55 µm. In
general, this is not possible for soft-glass fibers, however, with special fiber geometries the ZDW can be shifted to wavelengths below
2 µm which allow for pumping with thulium doped fiber lasers.
In the following different fiber materials suitable for the nearand mid-infrared are introduced and compared amongst each other.
They can be distinguished regarding their transmission window,
physical strength, durability against environmental conditions, damage threshold, and ease of fabrication. These properties also influence the handling conditions in the lab e.g. regarding fiber coupling.
The transmission curves of the most common soft-glass fibers
for the mid-infrared region are depicted in Fig. 3.1. Among these
glasses are fluorides, tellurites, and chalcogenides, whose longwavelength transmission edges are determined by multi-phonon
absorption caused by molecule or lattice vibrations. The short wavelength edge in the ultraviolet results from electronic resonances,
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Figure 3.1.: Transmission curves of the most common soft-glass fibers for the midinfrared region compared to fused silica (SiO2 ) after Ref. [13]. Among these softglass materials are fluorides (ZBLAN, InF3 ), tellurite (TeO2 ), and chalcogenides
(As2 S3 , As2 Se3 ). Absorption peaks resulting from fiber impurities, particularly occurring for special fiber geometries, are not shown in the picture.
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which tail is sufficient in width to spread also in the visible spectral
range (Urbach edge) [23]. Moreover, impurities stored during the
fabrication process can limit the transmission window even further.
The transmission windows of several highly nonlinear liquids
which are an alternative fiber core material when filled into capillary tubes can be found in the appendix (A.1.1). Their loss curves
pretend broad transmission windows, however, the studied path
lengths have been only 0.1 mm. Fiber lengths of our liquid-filled
capillary fibers are several centimeter long. Hence, weak absorption features in the spectra have a huge impact on the long wavelength transmission edge and mainly limits the transmission to
wavelengths below 3 µm.
In Table 2 some important material properties of several glassand liquid-filled fibers are summarized. In general, the listed fiber
materials are suitable within different wavelength ranges. Moreover,
they can be distinguished regarding their power damage threshold

Refractive index
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Figure 3.2.: Refractive index curves of the most common soft-glass materials for
the mid-infrared region compared to fused silica (SiO2 ). The formula for the refractive indices with their corresponding references are given in the appendix. Among
these soft-glass materials are chalcogenides (As2 S3 , As2 Se3 ), tellurite, and fluorides
(ZBLAN, InF3 ).
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Figure 3.3.: Overview over several different fiber materials suitable for the near- and
mid-infrared.

which is related to the transition and boiling temperatures and their
intrinsic linear and nonlinear properties.
As an illustration the trends of the linear refractive indices of several soft-glasses in comparison to fused silica are given in Fig. 3.2.
As predicted by Miller’s rule the value of the linear refractive index is connected to the strength of the nonlinear refractive index.
Indeed, the sequence of the linear refractive index values mirrors
quite well their nonlinear magnitude.
An additional important parameter given in Tab. 2 is the material ZDW. The zero-dispersion wavelength determines which pump
wavelengths are best suited for efficient spectral broadening. As discussed in the theory chapter the most promising pump wavelengths
are located close to the ZDW. The fiber ZDW can be shifted through
waveguide dispersion which will be topic in the next section.
In the following material properties of the studied optical fibers
within this work are explained in more detail. In Fig. 3.3 an overview
of the different fiber materials is presented.

0.3-4.3 [47]
∼260 [15]
1.49 [53]
2.1 [35]
∼1.6 [61]

0.3-2.4 [46]
∼1200 [13]
1.44 [52]
2.6 [7]
∼1.3 [7]

Transmission range [µm]
Transition/boiling
temperature [°C]
Refractive index
n0 @ 2 µm
Nonlinear refractive index
n2I × 10−20 [m2 /W]
ZDW (material) [µm]

Fluorides
ZBLAN

Silica
SiO2

Material properties

∼1.8 [61]

5.4 [58]

1.48 [53]

0.3-5.3 [47]
∼300 [15]

InF3

∼2.4 [59]

38 [59]

2.02 [54]

0.5-4.8 [48]
∼350 [13]

Tellurite
TeO2

∼4.9 [62]

290 [60]

2.43 [55]

1.5-6.5 [49]
∼185 [13]

∼7.2 [62]

1270 [60]

2.81 [56]

1.5-9.5 [49]
∼178 [13]

Chalcogenides
As2 S3
As2 Se3

Table 2.: Optical properties of several glass- and liquid-filled fiber materials.
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3.1.1

Fluoride Glass

Fluoride glasses have good transmission properties from the visible
up to the mid-infrared spectral range. The most common and mature developed heavy-metal fluoride glass is fluorozirconate (known
as ZBLAN). The composition of ZBLAN glass is manufacturer dependent but is approximately given by ZrF4 (53%), BaF2 (20%),
LaF3 (4%), AlF3 (3%), and NaF (20%). ZBLAN glass has a low GVD
in the near-IR with a material ZDW of around 1.6 µm that makes
pumping with conventional thulium-doped fiber laser systems feasible. ZBLAN fibers are transparent from about 0.3 µm up to 4.3 µm
and have already been used for high power applications with several watts of output power [13].
A second fluoride glass that has a larger upper wavelength edge
of around 5 µm is indium fluoride (InF3 ). However, the fiber drawing technology of fluoroindate glass is not technically mature and
the fiber becomes only quite recently commercially available (since
∼ 2 years).
The biggest drawback of both heavy metal fluoride glasses is a
moderate nonlinear refractive index n2I that is comparable to fused
silica. Hence, either long fiber lengths or high peak powers are required to achieve substantial spectral broadening.
3.1.2

Tellurite Glass

Oxide based tellurite glass (TeO2 ) has nearly the same optical transmission as fluoride glass from the visible (∼ 0.5 µm) up to the midinfrared (∼ 4.8 µm) but with the advantage of a 10 times higher
nonlinear refractive index of around n2I = 38 · 10−20 m2 /W. Furthermore, the high mechanical robustness is superior to that of
fluoride and chalcogenides indicated by a higher glass transition
temperature. In addition, tellurite based glasses are environmentally stable against moisture, have a high optical damage threshold,
can be manufactured with low losses and offer therefore a good
compromise [13]. The material ZDW of tellurite glass is located
at around 2.4 µm which is accessible with optical parametric laser
sources. However, the ZDW can be shifted due to excessive waveg-
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uide dispersion to around 2 µm. This makes special designed stepindex TeO2 fibers suitable for pumping with thulium-doped fiber
lasers.

3.1.3

Chalcogenide Glass

Chalcogenide glasses are a mixture of the chalcogen elements sulfur (S), selenium (Se), and tellurium (Te) with other elements such
as germanium (Ge), arsenic (As), and antimony (Sb). The most common stable glass compositions are arsenic trisulfide (As2 S3 ) and arsenic triselenide (As2 Se3 ) with the advantageous properties of wide
transmission windows from the near- to the mid-infrared range
(∼ 1 − 10 µm) and intrinsic high nonlinearities. They can be drawn
to microstructured fibers with even enhanced nonlinear properties.
However, their physical strength is weak and the sulfide based
glasses a highly susceptible to aging processes over time due to
water inclusions, especially in case of microstructured fibers. Also
arsenic is toxic which causes special attention to safety regulations,
particularly during the fabrication process. Furthermore, chalcogenide glasses have a very long material ZDW which makes it hard
to pump them directly in the anomalous dispersion regime of the
fiber.

3.1.4

Liquids

Liquids with a higher linear refractive index than the cladding material of the surrounding capillary tubing can be used as a core
medium. A further prerequisite for liquids that will be filled in such
capillaries is a high transmission in the near- and mid-infrared. The
liquids carbon disulfide (CS2 ), nitrobenzene (C6 H5 NO2 ), toluene
(C7 H8 ), and carbon tetrachloride (CCl4 ) are suitable candidates for
capillaries made of fused silica. The trend of the linear refractive
indices of these liquids in comparison to fused silica can be seen
in Fig. 3.4. Due to the very low refractive index difference the usage of CCl4 for our measurements is restricted. The wave-guiding
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Figure 3.4.: Linear refractive indices of several highly nonlinear liquids [57] in comparison to the cladding material fused silica [52]. All these liquids fulfill the requirement of a higher refractive index with respect to fused silica. Among these liquids
are carbon disulfide, nitrobenzene, toluene, and carbon tetrachloride.

principal in our liquid-filled capillaries is based on total internal
reflection as common in standard step-index fibers.
The dispersion behavior of the fundamental mode for a 5 µm capillary filled with the three highly nonlinear liquids carbon disulfide,
nitrobenzene, and toluene is displayed in Fig. 3.5. The dispersion
properties are nearly similar with a ZDW located at a wavelength
of around 1.7 µm. The best transmission properties among the liquids has CS2 as can be seen in the transmission spectra displayed
in the appendix. However, the long wavelength edges of the liquids
are determined by strong absorption bands already in the wavelength range around 3 µm. The nonlinear refractive index of the
liquids is about 100 times higher compared to fused silica. This is
in the same order as in chalcogenide glasses. The damage threshold
of these highly nonlinear liquids is low since their boiling temperatures are also quite low e.g. ∼ 46 °Cfor CS2 . The easy volatility
can cause bubble formation within the core already at moderate
light intensities. In addition the liquids are toxic which makes the
handling extremely challenging.
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Figure 3.5.: GVD for liquid-filled capillary fibers with a core diameter of 5 µm. The
zero dispersion boundary is marked with a black dotted line. The ZDWs are: CS2 ,
1.80 µm; nitrobenzene, 1.69 µm; toluene, 1.76 µm. For the capillaries with a core
diameter of 2 µm and 10 µm the ZDWs are longer.

3.2

fundamental design properties

Several different structures of infrared fibers have been investigated
over the past decade. They can be classified in different families.
The most common geometry is the step-index fiber where the core
and cladding are basically of the same material. However, stepindex fibers made of two different media such as liquid-filled fused
silica capillary tubes or hybrid glass fibers have also been studied to
enhance the nonlinear performance. A second family are microstructured fibers with a solid core but air hole cladding. Such fiber geometries comprise photonic crystal fibers (PCFs) and suspended-core fibers.
A special subcategory are liquid-filled PCFs, where several holes in
the cladding are filled with liquids instead of air. Also a special
kind of microstructured fiber is a suspended-core fiber whose air
holes are filled with a solid material e.g. a glass with lower refractive index. Another family are tapered fibers where the whole fiber
diameter is pulled down along a central region of the fiber (several
centimeter) to waist sizes of some microns. There are further struc-
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tures such as hollow-core fibers and waveguides which are not subject
of this thesis.
An optical fiber can be produced by thermal drawing from a
macroscopic scaled preform. The preform consists of several rods
whose structure is configured to correspond to the geometry of the
desired cross section. The preform is then heated in a furnace until
the material softens and is ready to be drawn in a drawing tower.
Drawing infrared fibers is more challenging compared to silica due
to the tighter temperature range in which the materials have the
proper viscosity. Hence, small temperature changes can hamper the
manufacturing process. A detailed review about infrared fiber fabrication is given by Tao et al. [15].
In the following, optical properties of fiber structures studied in
this work are explained in more detail.
3.2.1

Step-Index Fibers

The step-index design principal is the basis for all studied fiber geometries and has been explained in detail in chapter 2. A standard
step-index fiber has an abrupt jump in the refractive index at the
core-cladding material boundary as can be seen in the microscope
image in Fig. 3.6.
Step-index
chalcogenide fiber
(As2S3)

Figure 3.6.: Microscope image of the fiber end-face of a step-index chalcogenide fiber
[62].

A step-index fiber has good mechanical robustness as well as
stability against contamination from the ambient environment such
as water vapor. Like all fibers with solid core and cladding the
fiber handling regarding cleaving, splicing, and mounting is much
more easier compared to microstructured fibers. In addition the
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power handling capacity is higher. However, the tailoring of the
fiber dispersion properties in standard step-index fiber is tough.
Moreover, the nonlinearity in a step-index fiber is weaker compared
to a microstructured fiber due to bigger core diameters and looser
mode confinement which is based on the reduced core-cladding
index contrast.
3.2.2

W-Index Fibers

A special kind of step-index fiber with two index steps from the
core to an inner cladding and from an inner to an outer cladding
is the W-index fiber. A W-index fiber is composed of three different
refractive index regions: core, inner cladding, and outer cladding
[64]. The core has the largest refractive index of the three, and the
outer cladding index is the next largest as can be seen in Fig. 3.7.
n
n1

W-index tellurite fiber
Core

Fiber parameters
Dn = n1 - n2 = 0.128
Dn‘ = n2 - n3 = - 0.052
a = 1.6 / 2.1 / 2.5m m
Outer S = b/a = 3
cladding

Inner
cladding

n3
n2
0a

b

r

Figure 3.7.: Refractive index profile, fiber parameters, and microscope image of the
fiber end-face of a W-index tellurite fiber

The advantages of such a doubly clad fiber are a tight confinement of the mode within the core, a flattened dispersion profile
with good control of the locations of the ZDWs, and a larger possible V-parameter under which single-mode operation is possible.
The later property allows for larger core diameters compared to a
common singly clad step-index fiber. W-index fibers provide a better control of the GVD via stronger waveguide dispersion but the
flexibility of microstructured fibers is not reached. However, the refractive index profile leads to a second ZDW, which position can be
controlled by the size of the core.
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3.2.3

Suspended-Core Fibers

Suspended-core fibers are a special kind of microstructured fibers
which allow to increase the core-cladding index contrast without
the usage of a second glass material. The cladding index is just
reduced by the incorporation of big air-holes. The core is only connected to the residual glass cladding by thin filaments as displayed
in Fig. 3.8. Suspended-core fibers are even more fragile as their
PCFs counterpart. This limits the maximum output power and requires special care regarding cleaving, mounting and handling. But
all microstructured fibers have in common that their ZDW can be
extremely shifted towards shorter wavelengths through tailorable
waveguide dispersion. Also due to the largest possible index contrast between the fiber material and air the mode confinement and
hence the nonlinearity are very high. However, a severe drawback
for the long term stability is the contamination of the air holes
with water that deteriorates the performance of all microstructured
fibers from time to time. Especially, sulfide-based chalcogenide
fibers experience an aging process within several days which is experimentally confirmed in this thesis.
Suspended-core chalcogenide fibers

Figure 3.8.: Suspended-core design of the studied chalcogenide fibers with different
core sizes of 4.4 µm, 3.2 µm, and 4.4 µm & big air holes, respectively.

3.2.4

Liquid-Filled Capillary Fibers

A way to exploit the high nonlinear refractive index of some liquids
is provided by liquid-filled capillary fibers. The capillary tubes are
made of fused silica with a cladding diameter of 125 µm. The cap-
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illaries are surrounded by a polyimide coating and have an outer
diameter of 150 µm. A schematic drawing is illustrated in Fig. 3.9.
The inner diameter of the capillaries varies between 2 µm, 5 µm,
and 10 µm. Hence, the much larger cladding provides mechanically
robustness of the capillary tubes and fiber stripping and cleaving
can be performed by standard fiber strippers and cleavers.

Liquid-filled fused silica capillary
(b)
(a) ID
Silica

OD
Coating

Figure 3.9.: (a) Structure of a fused silica capillary fiber with inner diameter (ID) and
outer diameter (OD). The inner air hole is surrounded by fused silica and a standard
polyimide coating. (b) Optical microscope image of the front facet of a liquid-filled
capillary.

To subsequently fill the capillary with an optical liquid, the fiber
is put into a liquid-filled container. A detailed description of the
filling process is given in the fiber preparation section 4.1.
The large refractive index contrast between the liquid and fused
silica leads to a tight confinement of the mode within the fiber core.
The dispersion can be easily controlled by the core size since core
diameters down to 2 µm are possible without strong waveguide
losses. However the robustness, power, and handling capabilities of
liquid-filled capillary fibers are heavily reduced compared to stepindex glass fibers.
3.3

state-of-the-art mid-ir supercontinuum sources

In the following tables (Tab. 3-7) the state-of-the-art supercontinua are
listed that fulfill the below mentioned criteria
• Pumped with pulses of femtosecond or picosecond duration
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• Generated in liquid-filled capillaries, soft-glass fibers, or waveguides
• Reach the wavelength range above 2 µm
• Achieve a bandwidth over 1000 nm
The works are tabulated in classes separated by the studied fiber
material and geometry. The individual works within a class are divided into two sections according to the achieved output power
(below and above 10 mW). The order within these sections are according to the obtained spectral bandwidth.
In general the first column in each table gives information about
the used pump source such as wavelength, system configuration,
pulse duration, and repetition rate. In the second column the fiber
or waveguide properties are listed such as core and cladding material, geometry, zero dispersion wavelength, core diameter, and fiber
length. The third column contains the spectral width at -20 dB level
which differs sometimes with the given bandwidths in the references that are reported at other decibel points. The average output
power is tabulated in the fourth column together with the reference.
The following supercontinuum sources can be clearly distinguished regarding their pump systems.
A first categorization is the pulse duration of the pump. In the
ps-regime the underlying spectral broadening dynamics differ from
that in the fs-regime which impacts the physical properties such as
the temporal coherence or the conversion efficiency which is e.g. indicated by the amount of residual pump power in the spectrum.
Picosecond-seeded supercontinua are completely incoherent and
posses a strong remaining pump peak in the spectrum [43].
A second classification can be done in supercontinua pumped by
sources in the MHz or kHz regime. The usage of amplifiers with
kHz repetition rates leads to high peak powers and hence huge
spectral bandwidths while the average output power is low. The
obtained average powers reach at best several milliwatts but are
often below 1 mW. The opposite is true for MHz systems which
generates supercontinua with Watt level average output power but
with narrower bandwidths.
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State-of-the-art supercontinuum sources
[71]

Chalcogenide SI
Chalcogenide micro
Tellurite SI
Tellurite micro
Fluoride SI
Fluoride micro
Liquid-filled capillary
Germanate SI
Chalcogenide waveguide
Silicon waveguide

[72]

Spectral Bandwidth (mm)

10

[73]
[65]
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[110]
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[100]
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[105]
[107]
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1.000

10.000

Average Output Power (mW)
Figure 3.10.: Achieved spectral bandwidths at -20 dB in combination with reached
average output powers for several state-of-the-art supercontinuum sources listed
also in Tab. 3-7. Results achieved within this thesis are framed. SI: step-index, micro:
microstructured.

For that purpose Fig. 3.10 displays the achieved spectral bandwidths at the y-axis (log-plot) in combination with the reached average output powers at the x-axis (log-plot). An ideal SC source
would be located in the top right corner. Results achieved within
this thesis are framed in Fig. 3.10.
A further classification regarding the dispersion regime in which
the fiber is pumped can also be done. All-normal dispersion pumping impacts the spectral stability and applicability for e.g. FTIR
spectroscopy in a positive way compared to anomalous dispersion
pumping since the temporal coherence can be maintained to a high
level. However, soliton dynamics which boost the spectral bandwidth only occur in the anomalous dispersion regime. Consequently
the broadest supercontinua so far have been achieved with kHz
systems that pump step-index chalcogenide fibers directly in the
anomalous dispersion regime.
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Fiber properties
GeSbSe-GeSe SI, ZDW 4.2/7.3 µm
6 µm, 11 cm
As2 S3 SI, ZDW > 6 µm
10 µm, 200 cm
As2 S3 SI, ZDW > 6 µm
9 µm, 23 cm
As2 S3 SI, ZDW 6.7 µm
9.2 µm, 170 cm
GaGeSbS-TeO2 SI, ZDW 2.2 µm
3 µm, 10 cm
As2 Se3 -AsSe2 SI, ZDW 5.5 µm
15 µm, 3 cm
AsSe-GeAsSe SI, ZDW 5.8 µm
16 µm, 8.5 cm
GeAsSeTe SI, ZDW > 10 µm
70 µm, 23 cm
GeAsSe-GeAsS SI, ZDW 3.2 µm
4.5 µm, 11 cm
GeSbSe SI, ZDW 5.5 µm
23 µm, 20 cm
As2 S3 SI, ZDW 4.5 µm
100 µm, 70 cm
As2 Se3 SI, ZDW 8.9 µm
18 µm, 350 cm
As2 S3 SI, ZDW > 6 µm
9 µm, 7 cm

Pump source

4.5 µm OPA
330 fs, 21 MHz
2.5 µm HNLF+Er/Tm-fiber laser
∼ ps, 565 kHz/10 MHz
3.8 µm MOPA
≈400 fs, 42 MHz
2.0 µm Tm-fiber laser
32 ps, 1 MHz
2.4 µm OPO
200 fs, 80 MHz

9.8 µm DFG+OPA
170 fs, 1 kHz
4.5/6.3 µm DFG+OPA
≈100 fs, 1 kHz
4.5 µm DFG+OPA
150 fs, 1 kHz
4 µm OPA
330 fs, 21 MHz
6 µm DFG+OPA
150 fs, 1 kHz
3.9/4.6 µm DFG+OPA
170 fs, 1 kHz
3.0-4.2 µm ZBLAN SC
Solitons, 2 kHz
3.1 µm OPCPA
67 fs, 160 kHz

0.2 mW [72]
0.5 mW
<0.1 mW [73]
1.3 mW [74]
(Damage)
0.1 mW [75]
0.1 mW [76]
0.3 mW
1.5 mW [77]
8 mW [78]

1.7 µm - 9.4 µm
3.1 µm - 10.7 µm
3.2 µm - 5.0 µm
1.5 µm - 7.0 µm
3.3 µm - 7.7 µm
1.6 µm - 5.9 µm

24 mW [70]

2.0 µm - 3.1 µm

2.1 µm - 11.4 µm
1.7 µm - 13.0 µm
2.5 µm - 12.0 µm

366 mW [69]

2.0 µm - 3.1 µm

0.6 mW [71]

140 mW [66]
565 mW [67]
550 mW [68]

1.7 µm - 4.8 µm
1.9 µm - 4.8 µm
2.9 µm - 4.9 µm

2.2 µm - 15.0 µm

17 mW [65]

Power

2.5 µm - 10.7 µm

Spectral width

Table 3.: Chalcogenide glass fibers with SI geometry.
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Fiber properties
As2 S3 nanospike, ZDW 2.1 µm
3.2 µm, 0.5 cm
As2 S3 tapered, ZDW < 3.1 µm
2.3 µm, 2 cm
As2 S3 tapered, ZDW < 2 µm
10 µm, 200 cm
As2 S3 nanospike, ZDW 1.4/2.5 µm
1 µm, 0.3 cm
As2 Se3 suspended-core, ZDW 3.5 µm
4.5 µm, 18 cm
As2 S3 suspended-core, ZDW 2.4 µm
3.4 µm, 2 cm
As2 S3 suspended-core, ZDW 2.6 µm
4.4 µm, 2.4 cm
As2 S3 suspended-core, ZDW 2.3 µm
3.2 µm, 4.5 cm
AsSe2 -As2 S5 suspended-core, ZDW 3.7/4.2 µm
3.1 µm, 2 cm
As2 S3 suspended-core, ZDW 2.5 µm
3.2 µm, 2.4 cm
As2 Se3 suspended-core, ZDW 3.5 µm
4.5 µm, 17 cm
GeGaSbS-TeO2 suspended-core, ZDW 2.4 µm
2 µm, 1 cm

Pump source

2.35 µm Cr:ZnS laser
100 fs, 90 MHz
3.1 µm OPO
100 fs, 100 MHz
2.0 µm Tm-fiber laser
∼ ps, 10 MHz

1.55 µm Er-fiber laser
60 fs, 100 MHz

4.4 µm OPA
320 fs, 21 MHz
2.5 µm OPO
200 fs, 80 MHz
3.5 µm MOPA
≈400 fs, 43 MHz
2.3 µm OPO
320 fs, 21 MHz
3.5 µm OPO
200 fs, 80 MHz
2.5 µm OPO
200 fs, 76 MHz

3.5-4.5 µm ZBLAN SC
DW/Solitonen, 40 kHz
2.3 µm OPA
180 fs, 1 kHz

15 mW [81]

1.8 µm - 2.8 µm

40 mW [85]
50 mW [86]
11 mW [87]
23 mW [88]

3.0 µm - 5.3 µm
1.2 µm - 3.2 µm
2.5 µm - 4.3 µm
1.6 µm - 3.2 µm

5 mW [89]
7 mW
7 mW [90]

80 mW [84]

0.7 µm - 3.8 µm

2.6 µm - 5.3 µm
2.1 µm - 6.6 µm
0.8 µm - 3.5 µm

16 mW [83]

1.7 µm - 7.5 µm

2 mW [82]

15 mW [80]

2.6 µm - 3.9 µm

0.9 µm - 2.2 µm

18 mW [79]

Power

1.2 µm - 3.3 µm

Spectral width

Table 4.: Chalcogenide glass fibers with tapered and nanospike, as well as suspended-core geometry
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Fiber properties
TeO2 step-index, ZDW 2.1 µm
3.5 µm, 9 cm
TeO2 W-index, ZDW 1.9/4.5 µm
4.2 µm, 100 cm
TeO2 W-index, ZDW 1.9/4.5 µm
4.2 µm, 15 cm
TeO2 suspended-core, ZDW 1.4 µm
2.5 µm, 0.8 cm
TeO2 suspended-core, ZDW 1.7 µm
3.4 µm, 40 cm
TeO2 suspended-core, ZDW 1.5 µm
0.2 µm, 15 cm
TeO2 suspended-core, ZDW 1.7 µm
4.9 µm, 30 cm
TeO2 PCF, ZDW 1.4/4.2 µm
2.7 µm, 2 cm
TeO2 tapered, ZDW 1.2/3.3 µm
3.6-1.3 µm, 10 cm

Pump source

2.4 µm MOPA
≈ 300 fs, 43 MHz
2.0 µm Tm-fiber amp
26 ps, 32 MHz
3.0 µm MOPA
≈ 400 fs, 42 MHz

1.55 µm OPO
110 fs, 80 MHz
1.75 µm OPO
200 fs, 80 MHz
1.5/2.4 µm OPO
100 fs, 80 MHz
2.0 µm fiber laser/OPO
2.7 ps, 32 MHz/200 fs, 80 MHz

1.6 µm OPA
150 fs, 1 kHz

1.75 µm OPO
200 fs, 80 MHz

0.7 µm - 3.2 µm

9 mW [97]

0.1 mW [96]

90 mW [94]
50 mW
80 mW [95]
35 mW

0.8 µm - 2.6 µm
2.2 µm - 3.1 µm
1.0 µm - 3.0 µm
1.1 µm - 2.7 µm
0.8 µm - 2.6 µm

100 mW [86]

0.8 µm - 2.8 µm

50 mW [59]

2.6 µm - 4.6 µm

70 mW [93]

1200 mW [92]

1.4 µm - 4.1 µm

0.8 µm - 4.8 µm

150 mW [91]

Power

1.3 µm - 5.3 µm

Spectral width

Table 5.: Tellurite glass fibers with three different geometrical classes such as W-/step-index, suspended-core/PCF fibers, as well as
tapered fibers
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Fiber properties
InF3 SI, ZDW 1.7/∼ 4 µm
13.5 µm, 1500 cm
InF3 SI, ZDW 1.9 µm
7 µm, 55 cm
InF3 SI, ZDW 1.8 µm
16 µm, 950 cm
ZBLAN SI, ZDW 1.7 µm
9 µm, 2 cm
ZBLAN SI, ZDW 1.7 µm
6 µm, 1500 cm
ZBLAN SI, ZDW 1.9 µm
7 µm, 750 cm
ZBLAN PCF, ZDW 1.6 µm
1 µm junction, 4 cm
ZBLAN SI, ZDW 1.7 µm
9 µm, 700 cm
ZBLAN SI, ZDW 1.6 µm
9 µm, 1000 cm
ZBLAN SI, ZDW 1.6 µm
9 µm, 840 cm
ZBLAN SI, ZDW 1.6 µm
10.7 µm, 185 cm

Pump source

2.75 µm Er-fiber amp
600 ps, 2 kHz
3.0 µm MOPA
100 fs, 100 MHz

3.4 µm OPA
70 fs, 1 kHz

1.45 µm OPA
180 fs, 1 kHz
2 µm Tm-fiber amp
180 fs, 56 MHz
2-2.6 µm Tm-fiber amp
fs solitons, 700 kHz
1.0 µm Yb:KYW laser
2.7 ps, 32 MHz
2 µm Tm-fiber amp
33 ps, 1 MHz
2 µm Tm-fiber amp
24 ps, 94 MHz
2 µm Tm-fiber amp
26 ps, 30 MHz

1.45/2.0 µm OPA
110 fs, 1 kHz

2240 mW [101]
75 mW [102]
1100 mW [103]
21800 mW [104]
13000 mW [105]

1.8 µm - 4.0 µm
0.4 µm - 2.5 µm
1.9 µm - 3.8 µm
1.9 µm - 3.7 µm
2.0 µm - 3.7 µm

0.2 mW [35]
0.3 mW

250 mW [100]

1.2 µm - 3.6 µm

0.8 µm - 3.2 µm
0.5 µm - 4.3 µm

10 mW [99]

0.4 µm - 5.7 µm

0.5 mW [61]

250 mW [58]

1.3 µm - 4.2 µm
2.7 µm - 4.7 µm

10 mW [98]

Power

2.4 µm - 5.4 µm

Spectral width

Table 6.: Fluoride glass fibers: Indium fluoride step-index fibers and ZBLAN step-index and PCF fibers
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Fiber properties
CS2 -filled capillary, ZDW 1.8 µm
5 µm, 15 cm
CS2 -filled capillary, ZDW 3.5 µm
2 µm, 16 cm
Ge-silica SI, ZDW 1.4 µm
3.5 µm, 12 cm
GeAsSe-GeAsS waveguide, ZDW 4.0/6.5 µm
4.4 by 4.0 µm, 1.8 cm
GaLaS waveguide, ZDW - µm
45.5 by 44.6 µm, 0.9 cm
Silicon-on-sapphire waveguide, ZDW 3.3/7.1 µm
2.4 by 0.5 µm, 1.5 cm
Si3 N4 waveguide, ZDW 1.0/1.6 µm
1.0 by 0.8 µm, 0.6 cm
SiGe waveguide, ZDW 2.1 µm
1.6 by 1.2 µm, 0.3 cm

Pump source

1.7 µm OPO
350 fs, 41 MHz
3.0 µm MOPA
400 fs, 42 MHz/180 fs, 40 MHz

1.9-2.7 µm Tm-fiber amp
fs solitons, 2 MHz

4.2 µm OPA
330 fs, 21 MHz

4.3 µm DFG+OPA
120 fs, 1 kHz

3.7 µm OPA
320 fs, 20 MHz
1 µm Yb fiber laser
115 fs, 41 MHz

2.4 µm OPO
90 fs, 80 MHz

1 mW [112]

25 mW [111]

0.6 µm - 2.1 µm
1.5 µm - 2.7 µm

13 mW [110]

0.2 mW [109]

20 mW [108]

2.3 µm - 5.0 µm

1.8 µm - 5.3 µm

2.2 µm - 8.0 µm

6120 mW [107]

30 mW [106]
60 mW

1.4 µm - 2.1 µm
1.8 µm - 2.4 µm
2.0 µm - 3.4 µm

20 mW [63]

Power

1.2 µm - 2.4 µm

Spectral width

Table 7.: Liquids-filled capillaries, germanate step-index fibers, chalcogenide waveguides, as well as silicon waveguides
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4

F I B E R S U P E R C O N T I N U U M G E N E R AT I O N :
E X P E R I M E N TA L S E T U P

This chapter covers the procedure for the generation and characterization of supercontinua in highly nonlinear fibers suitable for
the near- and mid-infrared spectral range. The first section is devoted to fiber preparation which is much more sophisticated for
the studied fibers compared to standard fused silica fibers. The
challenge for coupling light into these fibers arises from the high
precision which is needed to excite the fundamental mode in the
multi-mode capable fibers. Hence, special focus lies in the second
section on techniques to control the coupling conditions and ensure
single-mode operation. Finally, the tunable femtosecond pump system and the detection units for recording the broadband spectra are
described.
4.1

fiber preparation

Before an optical fiber can be applied in the setup both end faces
have to be prepared to enable high coupling efficiencies.
4.1.1

Fiber Stripping

In a first step the protection coating of the fiber has to be removed.
For mechanically very stable fibers the polymer coating can be removed by a standard fiber optic stripper (i.e. Clauss, model CFS-2).
In the category of robust fibers fall standard fused silica fibers and
fused silica capillaries with a much larger cladding than core diameter. The fiber stripper is a tool similar to a nipper with two contrary
sharp V-grooved shaped blades that abrade the coating.
However, this method of stripping the fiber down to the cladding
is not possible for soft-glass fibers due to their fragileness. For mi-
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crostructured soft-glass fibers the coating can be stripped down
carefully by means of a razor blade. The difficulty is to remove the
coating from the entire curved surface area thoroughly. An alternative method which is feasible for solid core and cladding fibers is to
dip the fiber into a solvent that separates the polymer coating from
the cladding. For ZBLAN fibers dichloromethane (CH2 Cl2 ) and for
tellurite and chalcogenide fibers a mixture of acetone (C3 H6 O, 50%)
and methanol (CH3 OH, 50%) are used. The dwell times are a few
minutes (2-5 min). After the isolation the coating can be removed by
either a stripper or a razor blade. For the tellurite and chalcogenide
glasses the coating could be removed easily. For ZBLAN glass often some coating deposits still attaching the fiber which makes repeatable cleaning with the solvent necessary. Due to the multiple
cleaning steps the fiber can break easily and special care is needed.
After removing the coating the fiber is finally cleaned with padded
tweezers moisturized with isopropanol (C3 H8 O) as can be seen in
Fig. 4.1.

Isopropanol

Fiber
stipping
Fiber optic
stripper

Padded
tweezers

Figure 4.1.: Equipment needed to strip an optical fiber.

A further method of removing the coating which was not applied in this thesis is to burn the polymer coating away with a
lighter. Special care has to be taken for heat sensitive fibers such
as microstructured fibers to maintain the inner geometry.

4.1 fiber preparation

4.1.2

Fiber Cleaving

After stripping and cleaning both fiber ends, the fiber end faces
have to be cleaved to obtain smooth and plain surfaces. This process
is crucial to minimize coupling losses. Hence, it is recommended to
check the fiber end faces under a microscope before mounting the
fiber into the setup. The cleaving of mechanically robust fibers can
be done by a standard optical fiber cleaver (i.e. Fitel Furukawa Electric, model S324) as shown on the left hand side in Fig. 4.2. The
cleave process is based on first scoring the glass surface with a
cutting blade before the fiber is broken in a controlled way by pushing the fiber down at both sides of the scratch. Thereby the crack
emanates from the induced scratch. Important is that the fiber is
placed absolutely straight into the cleaver to obtain a perpendicular and flat cleave.
However, soft-glass fibers are either too bendable like a rubber
band (fluoride and chalcogenide glasses) or to brittle (tellurite glass)
to be accurately cleaved with a standard cleaver. Therefore a cleaver
with variable tension is needed (i.e. Vytran, model LDC-400) as illustrated on the right hand side in Fig. 4.2. The cleaver operates
with an axial tension that is first applied to the fiber followed by
an automated scribe process utilizing a diamond cleave blade. The
tension causes the scribe to propagate through the fiber, resulting
in a cleave. The proper tension is dependent on the cladding diameter, the fiber material, and the fact if a backstop is used or not. The
micrometer backstop prevents the fiber from buckling when stuck

Optical fiber cleaver
Standard optical
fiber cleaver

Cleaver
with
variable
tension

Figure 4.2.: Equipment needed to cleave an optical fiber.
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by the blade, resulting in a longer initial scribe. This allows to reduce the necessary tension by about 20%. Since the tension is lower,
the crack propagates more slowly with little driving force, causing smoother cleave surfaces. The micrometer backstop should just
barely touches the fiber and the usage of an eye loupe for precise
alignment is suggested. The utilization of the backstop as a back up
is recommended for all studied soft-glass fibers.
In Tab. 8 the tension used to cleave the fibers are given with the
required fiber parameters to chose the right clamping inserts of the
Vytran cleaver.
Table 8.: Parameters for the variable tension cleaver Vytran LDC-400 with the backstop in service used in this thesis. The fiber parameters determine the selection of
the cleaver inserts for the fiber holding blocks as can be seen in the cleaver manual.
Fiber
As2 S3 step-index
As2 S3 step-index
As2 Se3 step-index
ZBLAN step-index
Tellurite W-index
Tellurite W-index
Tellurite W-index
Tellurite step-index

core

cladding

coating

tension

7 µm
9 µm
12 µm
7/9 µm
5.0 µm
4.2 µm
3.2 µm
3.5-4.3 µm

140 µm
170 µm
170 µm
125 µm
156 µm
131 µm
100 µm
120-150 µm

300 µm
320 µm
330 µm
200 µm
- µm
240 µm
- µm
- µm

25 g
26 g
30 g
80 g
34 g
27 g
24 g
26-32 g

For a too low tension the breaking edge where the blade has hit
the fiber is large and the cleave is not straight but has an angle. For
a too high tension the surface gets damaged and is not smooth but
speckled. For a proper tension the cleave is flat and perpendicular.
In addition, the striking spot of the blade is relatively small. Sometimes there are even cracks emanating from the striking spot but if
they do not penetrate into the core they will not limit the coupling
efficiency.
For suspended-core soft-glass fibers a cleaver can destroy the inner structure easily and the use of a razor blade to cleave the fiber
is recommended. Therefore the fiber is placed onto the forefinger
and scratched with the razor blade. Afterwards, the fiber end tail is
hit firmly that the fiber breaks into two pieces emanating from the
scratch.

4.1 fiber preparation

4.1.3

Fiber Mounting

The fiber is mounted on a fiber holder with two jacketed clamps
(i.e. Elliot Martock, model MDE710) that fix the fiber in a V-groove.
The clamping force should be adjusted in such a way that the fiber
is pushed only slightly. The fiber should be positioned absolutely
straight and overlap the holder only by 1-2 mm that no bend of
the fiber is possible. The fiber holder itself is mounted on a precision xyz-stage (i.e. Elliot Martock, model MDE122). The objective is
placed on the side of the stage where one can adjust the height, left
and right, as well as the focus with respect to the fixed fiber holder
as displayed in Fig. 4.3. Such configuration has the advantage that
the fiber is fix and can be placed straight right from the beginning.
The height of the beam above the optical table is 94 mm. The beam
can be adjusted straight along the row of holes with two mirrors
and the aid of an adjustment needle.

Mounting of
an optical fiber

Figure 4.3.: Fiber mounting configuration with a fiber holder and an objective that
are placed on a precision xyz-stage.

4.1.4

Liquid-Filling of Capillaries

The cleaved capillary fiber is inserted into a home-designed tank
through a 200 µm hole at the back side of the tank. A glass window,
either fused silica or sapphire for enhanced transmission, is glued at
the front side of the tank by ultra violet (UV) adhesive. The window
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serves as an output port for the light that is transmitted through the
fiber. The capillary is placed closely to the glass window to enable
the collection of as much as light as possible. However, a small gap
has to be maintained that the liquid can be sucked into the core
by means of capillary forces. The filling process takes about some
minutes for fiber lengths of several centimeters as used in our experiment. The capillary is fixed by a drop of adhesive which is put
around the hole at the backside of the tank. This seals simultaneously the tank and prohibits leakage of some liquid. The liquid can
be filled into the tank by a syringe from one of the holes on the top
which can be closed afterwards by screws. Additionally, they can be
sealed by a drop of glue as well. A schematic of the fiber tank with
the inserted capillary as well as two photographs are illustrated in
Fig. 4.4.

(a) Screw
Glass
window
Liquid

Fiber tank for liquid-filling of capillaries
(b)
(c)
Fiber
tank
Capillary

Figure 4.4.: (a) Schematic cross section of the liquid-filled fiber tank used in our
experiments. The fiber is pushed from the backside through a 200 µm thick hole
into the fiber tank relatively close to the glass plate which serves as an outcoupling
window. (b) Rear view and (c) front view of the tank.

The input port for the laser light is the opposite fiber end which
is not inserted into the liquid-filled tank and is mounted in free
space onto a fiber holder. The free space coupling is a precondition
to obtain high transmission efficiencies. At the input fiber end face
a liquid drop forms due to the balance of surface tension and pressure resulting from the liquid column inside the tank [63]. However,
the formation of a curved liquid surface does not limit the coupling
efficiencies. Due to the volatility of the investigated liquids a small
amount of liquid evaporates at the input fiber end. However, the
filled capillary remains stable over several days because of the replenishment from the liquid reservoir. If the tank itself is refilled

4.1 fiber preparation

much longer time scales can be achieved. A possible solution for
the liquid evaporation is to splice a solid core fiber to the free-space
end of a liquid-filled capillary by a patented splicing method which
is topic of the following section.
4.1.5

Fiber Splicing

For an improved handling and stable operation of either liquidfilled capillaries or soft-glass fibers a connection to a standard fused
silica single-mode step-index fiber is favorable.
Important for an almost loss-less transfer of light between two
fibers is a precise alignment of the two fiber ends to each other on
the sub-micron scale and a stable and robust connection.
Fusion splicing of a step-index silica fiber to either a capillary,
microstructured fiber or another step-index fiber made from a softglass material is challenging due to the different sensitivities of the
fibers to heat, especially if one fiber is a liquid-filled capillary. One
existing technique for making a connection between a silica stepindex SMF and a liquid-filled capillary fiber is based on fusion
splicing with an angled cleaved SMF [113]. The angle is required
to maintain a gap in order to subsequently fill the liquid into the
straight cleaved capillary. Herein, the difficulty arise from choosing
the right overlap between the two fibers that the splice is stable
enough but has a sufficient gap for liquid access. Moreover, the
reproducibility of the splice is limited due to the tight tolerances
regarding the overlap and the arrangement of an angled surface.
An alternative approach is based on mechanical splicing a liquidfilled capillary to a silica fiber by using a large diameter tapered
capillary as sleeve [114]. The two fiber ends are inserted into the
sleeve and will be aligned by the taper. The large diameter tapered
capillary can also act as a container for the liquid. The ends of the
sleeve can be sealed using an adhesive to improve the device stability. However, only fibers with the same diameter can form a joint
and trapped air bubbles that can not exhaust during the junction
process can dramatically reduce the transmission efficiency.
Therefore a new mechanical splicing method is developed within this thesis that is based on an alignment sleeve that is written

77

78

fiber supercontinuum generation: experimental setup

on a single-mode silica fiber. The writing process is realized by 3D
femtosecond direct laser writing using a dip-in photoresist and the
system ”‘Nanoscribe”’ from the company Nanoscribe [115, 116]. A
schematic of the very flexible fabrication process can be seen in
Fig. 4.5.

(a)

Novel developed splicing method
(c)
(d)

Base plate (b)
Ring

25mm

Groove

(e)

(f)

25mm

(g)

Liquid-filled
fiber tank
Adhesive

Single-mode
fiber

CS2-filled
capillary

Figure 4.5.: Schematic of the fabrication process for an integrated liquid-filled device.
(a) Design of the ferrule on a standard single-mode fiber consisting of a base plate
(light gray) and a ring (dark gray). (b) Top view of the fabricated ferrule by direct
laser writing. (c) Assembly of the single-mode fiber with ferrule (left) and the CS2 filled capillary (right) via a camera. (d) Mechanically spliced fibers aligned by the
fabricated ferrule on the single-mode fiber. (e) Strengthening of the splice with UVadhesive. (f) Liquid-filled tank on the opposite site of the splice. The capillary is put
into the tank before the splice takes place. (g) Layout of the whole highly nonlinear
integrated liquid-filled device.

The mechanism of direct laser writing is based on two photon
absorption of a photo-sensitive material in a tightly focused spot of
a fs laser. As a printing medium a negative-tone photoresist is applied. The laser spot is scanned over the sample, writing the desired
object by exposing the polymer layer by layer. The polymerization
is triggered only in the focal point volume. Hence, very accurate
3D microstructures can be fabricated. The writing time for the ferrule takes about 12 minutes using a galvo scanner. Afterwards, the
sleeved fiber is put into a solvent for 15 min to remove remaining
unpolymerized photoresist.

4.1 fiber preparation

The ferrule written on the SMF consists of a 10 µm thick base
plate and a ring with an outer diameter of 175 µm and an inner
diameter of 125 µm, adapted to the capillary cladding diameter
[Fig. 4.5(a)]. The base plate is directly fabricated on the SMF and
therefore ensures proper connection. The base plate features a central hole that can be adjusted to the hole diameter of the capillary
[Fig. 4.5(b)]. The height of the ferrule is 35 µm. The inner annular
surface of the sleeve can be slightly tapered to facilitate insertion
of the fiber. Four side vents engraved into the ring and a central
groove prevent air entrapment when connecting the sleeved SMF
to the liquid-filled capillary fiber. The adjustment can be monitored
with a camera [Fig. 4.5(c)]. The central hole in the base plate is also
filled with the liquid as soon as both fibers touch each other, forming a direct liquid fused silica interface [Fig. 4.5(d)]. This fact is
very important and a cross-sectional drawing presented in Fig. 4.6
highlights this feature.
Assembly of the SMF with sleeve and the liquid-filled capillary
(a)
SMF
with sleeve

(b)
Liquid-filled
capillary

SMF
with sleeve

Liquid-filled
capillary

Figure 4.6.: Cross sectional drawing of the mechanical splicing assembly. (a) The
SMF with sleeve and the properly aligned liquid-filled capillary before the junction
process. (b) After pushing both fibers together the capillary end-face has contact
with the surface of the sleeve. Hence, the liquid is sucked into the hole and the
groove enabling a direct liquid-silica boundary.

Subsequently, to stabilize the connection, a drop of UV-adhesive
can be put onto the splice surrounding the sleeve [Fig. 4.5(e)]. The
other fiber end remains in the sealed liquid-filled tank providing
a liquid reservoir [Fig. 4.5(f)]. The schematic scheme of the whole
highly nonlinear integrated liquid-filled fiber device can be seen
in Fig. 4.5(g). The device is stable for weeks and also the splice
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is very robust which ensures flexibility in transportation and handling. Due to the easy adaption of the sleeve diameter this splice
method can also be used to join other fiber types such as heat sensitive soft-glass fibers with diameters other than the 125 µm cladding
standard [see Fig. 4.7]. Another advantage is the high accuracy
and reproducibility without the application of heat which makes
mechanical splicing suitable for joining all kinds of heat-sensitive
fibers.

Splicing method for soft-glass fibers
(b)

(a)

Air holes

(c)

25 µm

25 µm

Figure 4.7.: (a) Schematic of the ferrule design for a mechanical splice between two
heat sensitive solid-core fibers (e.g. ZBLAN-chalcogenide). The design is similar to
the integrated liquid-filled capillaries composing of a base plate with some air holes
to create a step-index profile and an outer ring. (b) Top view and (c) side view of the
fabricated ferrule by direct laser writing onto a ZBLAN-fiber. The inner diameter of
the outer ring has been adjusted to a chalcogenide fiber with a cladding diameter of
175 µm.

Recently, Thapa and co-workers have been able to fusion splice
a standard silica fiber to a chalcogenide fiber by a commercial filament splicer which heats more slowly and uniform [117]. To prevent damage to the soft-glass fiber the chalcogenide fiber is placed
with an offset to the silica fiber to ensure that less heat is applied.
However, fusion splicing of the two dissimilar fibers remains challenging due to their strong mismatch of thermal properties (i.e.
glass softening points) which results easily into deformation and
bending. Another problem is dopant diffusion and thermal expansion due to heating. To accomplish the fiber alignment it is necessary to send light through the fibers to continuously monitor
the beam profile [117]. However, the repeatability remains limited
mainly due to axial misalignment.

4.2 coupling laser light into highly nonlinear fibers

4.2

coupling laser light into highly nonlinear fibers

The studied highly nonlinear fibers have core diameters in the order of 2-12 µm which is comparable to the laser wavelength in the
near and mid-infrared region (≈ 1 − 4 µm). Hence, to achieve an efficient coupling of a Gaussian laser beam into such small core fibers
special attention has to be put onto controlling the beam parameters. In general, a Gaussian laser beam has a finite transverse extent
and varies spatially along the longitudinal and transverse direction
according to [24]
1
w
êA(z, t) exp {i [kz − ωt]} 0 . . .
2
w(z)
 

z
kr2
− tan−1
. . . exp i
+ c.c.
2q(z)
zR

E(r, t) =

(4.1)

The field amplitude A(z, t) is determined by the actual pulse shape
as discussed in the theory chapter. The variable beam radius w(z)
(half width at 1/e amplitude value) is defined by
"



w(z) = w0 1 +

z
zR

2 #1/2
.

(4.2)

The minimum beam diameter (called beam waist) at z = 0 is 2w0 .
The quantity zR is called the Rayleigh range and is given by
zR =

nπw20
,
λ

(4.3)

with n being the refractive index of the medium and λ being the
optical wavelength. The Rayleigh range corresponds to the distance
at which
the beam waist has increased from its minimum by a factor
√
of 2. For a Gaussian beam the surface of constant phase is curved
with the complex radius of curvature given by
q(z) = z − izR .

(4.4)

At the beam waist the phase is a plane as shown in Fig. 4.8.
Hence, a laser beam described by Eq. 2.7 exhibits a Gaussian intensity profile transverse to the propagation direction with w(z) as
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Figure 4.8.: Schematic illustration of (a) beam cross section and (b) beam profile of
a Gaussian beam.

a measure of the beam diameter. The beam divergence indicated
by the z dependence of w(z) can be changed by the utilization of
lenses.
In order to couple light of wavelength λ in the form of a Gaussian beam into a single-mode fiber, the focused spot size has to be
matched to the mode field radius w of the fundamental fiber mode.
In Figure 4.9 a simple coupling scheme is shown, where a lens with
a focal length f focuses a nearly collimated Gaussian beam with
diameter D to the required radius at the fiber input. In the case of
a collimated Gaussian beam the focal length according to following
formula has to be chosen to excite the fundamental mode inside the
fiber [118]:
πw
f = D·
.
(4.5)
2λ
To obtain the required value for the mode field radius w of the
fundamental fiber mode Eq. 2.22 can be used. The required focal
length f depends on the diameter of the Gaussian beam D at the
lens position as well as on the laser wavelength λ.
In practice, only lenses with a certain focal length are commercially available. Hence, a fixed suitable focal length is chosen and
the fine adjustment to fulfill Eq. 4.5 is done by adopting the beam
diameter by means of a telescope. The distance between the two
telescope lenses should be variable, to be able to change the beam
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Fiber coupling
r
D

2w
f

I(r)

z

Fiber core

Fiber cladding

Figure 4.9.: Good coupling efficiency into a single-mode fiber with mode field radius
ω requires a matched focal length f of a lens in combination with a proper beam
diameter D of a collimated Gaussian laser beam to satisfy Eq. 4.5. The intensity
distribution of the fundamental mode is displayed along the radial coordinate.

waist at the position of the incoupling lens objective. Therefore, it
is important to use a lens with a sufficient large NA that the beam
diameter can be expanded properly and is not truncated by the full
aperture of the lens.
The coupling efficiency defined as the ratio of input power and
power coupled into the fiber is determined by the mode field radius
of the fundamental mode, the focal spot size of the Gaussian beam
that is focused down by the lens, the transverse displacement, the
angle between the beam and the fiber axes, as well as the axial
displacement of the fiber end face to the focus. A general formula
for the coupling efficiency can be found in [23].
To account for Fresnel reflection losses at the air-glass interface
with the refractive indices of air (nair ≈ 1) and of glass (nglass ) a
loss factor
2
nair − nglass
ηFresnel = 1 −
(4.6)
nair + nglass
has to be considered (valid for normal incidence).
Additionally, there arise some losses at the focusing and collimation lenses (reflection, absorption). To calculate the transmission
efficiency (ratio of input power and output power measured before
and after the coupling lenses, respectively) further losses from the
fiber have to be accounted for.
In case of a multi-mode fiber the total mode field distribution is not
Gaussian and it can be assumed that almost the entire power is concentrated within the larger core. Therefore, the coupling efficiency
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depends basically on how much power the fiber core can capture.
Hence, to maximize the coupling efficiency the light must be incident on the fiber end face under an angle that is smaller than the
numerical aperture of the multi-mode fiber (θ < θNA ). In addition,
the spot size must be smaller than the core size (w < a). The NA
of a lens can be reduced and adapted to the NA of a fiber by using
less than the full aperture of the lens.
For the collimation the NA of the lens must be larger compared
to the fiber in order to capture all the available light.
For the two telescope lenses either anti-reflection AR coated achromatic doublets made of silica glass (near-infrared, pump and signal
wavelengths 1 µm + 1.3-2 µm) or uncoated plano-convex spherical
lenses made of calcium-fluoride glass (mid-infrared, idler wavelengths 2-4 µm) have been used. For the reflection curves of the
different AR coatings see Fig. A.7 in the appendix.
For the two mirrors needed to align the laser beam either silver
or gold mirrors are applied. Gold mirrors have a slightly higher
reflectivity in the mid-infrared compared to mirrors coated with
silver.
As incoupling objectives in the near-infrared compact plano-convex aspheric lenses with a C-coating from Newport are used. Properties of the objective lenses can be found in Tab. 19 in the appendix. The outcoupling objectives are either microscope objective
lenses which provide chromatic aberration-free performance but
have worse transmission properties (optimized for the visible range)
or aspherical lenses as applied for the incoupling.
In the mid-infrared molded infrared aspheric lenses with an Ecoating from Thorlabs made of black diamond are used for coupling. The commercial available focal lengths are listed in the appendix (Tab. 20).
A list of the used objectives for the different investigated fibers
are illustrated in Tab. 9.
To verify that the determined coupling parameters and conditions are suitable and to ensure that mostly the fundamental mode
is excited the beam profile at the fiber output has to be checked
by the aid of a camera. This is really important and absolutely necessary due to the fact that the standard procedure to adjust the

4.3 pump system and detection devices

Table 9.: Objective used in this thesis to couple into the fibers. A telescope to adapt
the beam diameter is required to optimize the coupling.
Fiber
Chalcogenide SI
Tellurite SI/W-index
Chalcogenide suspended-core
Liquid-filled capillary
ZBLAN
Silica SMF 28
Silica HI 1060
Silica UHNA 3

Signal (1.3-2.0 µm)

Idler (2.1-4.1 µm)

20 x
16 x/20 x
16 x
10 x
16 x
20 x

6 mm
4 mm
4 mm
-

coupling by optimizing the output power will not work in case of
infrared fibers. Due to the large refractive indices of the fiber materials a large amount of power could be also transported in the
cladding and optimizing the output power will not result in optimizing the excitation of the fundamental mode in the core. Therefore, a suitable camera for the wavelength range of interest is necessary to check the modal distribution. Following cameras with their
resolvable specified wavelength range have been applied: InGaAs
camera (900 nm-1700 nm, 320 x 256 pixel, 30 x 30 µm pixel size, Allied vision technology formerly VDS Vossküler) and Pyrocam III
(157 nm-3000 µm, 124 x 124 pixel, 85 x 85 µm pixel size, Ophir Spiricon).
4.3

pump system and detection devices

The principal experimental setup for the generation and characterization of broadband supercontinua in highly nonlinear optical
fibers is shown in Fig. 4.10. The basic laser light used to pump the
fibers is characterized by femtosecond pulse duration, central wavelengths in the near- and mid-infrared range, and a repetition rate
of several tens of megahertz. This key laser parameters stay nearly
the same for all our studied fibers and only slight changes in the
pulse durations occur if the central wavelength of the tunable laser
system is varied.
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Figure 4.10.: Schematic of the experimental setup

The initial laser is a home-built solid-state Yb:KGW oscillator with
an output power of about 7 W, a pulse duration of 450 fs, a repetition rate of 43 MHz, and a central wavelength of 1.03 µm [119]. The
Yb oscillator is only directly used as a pump for SC generation in
case of the liquid-filled capillary fibers. This is due to the short nearIR wavelength, which is far away from the ZDWs of the soft-glass
fibers.
The main duty of the oscillator is to pump the subsequent parametric sources which convert the pump wavelength (ωp ) of 1.03 µm
into a signal wavelength (ωs ) and an idler wavelength (ωi ) which
both lie further in the infrared. In this second order nonlinear process which takes place in a quasi phase matched nonlinear crystal
the energy and momentum are conserved. The signal wavelength is
referred to the generated wavelength which has the higher energy
(shorter wavelength). Consequently, the simultaneously generated
idler wavelength is longer (ωi = ωp − ωs ) as shown in Fig. 4.11.
The first applied parametric source is a recently developed fiberfeedback optical parametric oscillator (OPO) [120]. The OPO was applied for pumping the liquid-filled capillaries and delivers a gap-
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Basic principal of optical parametric sources

wp

(2)

c

Nonlinear
medium

ws

wi

E

wp

ws
wi

Figure 4.11.: Basic principal of parametric sources illustrated in a schematic drawing
and in an energy diagram. A pump photon (ωp ) is converted inside a nonlinear
crystal into a signal (ωs ) and an idler photon (ωi ). The required phase matching is
satisfied by quasi-phase matching.

free tunability for the signal wavelengths between 1.38-2.03 µm (see
Fig. 4.12 (a)).
For pumping soft-glass fibers higher output powers are required.
Hence, signal pulses of the OPO have been further amplified by
an optical parametric amplifier (OPA) which delivers gap-free tunable
signal and idler pulses between 1.37-2.00 µm and 2.10-4.12 µm, respectively, with Watt-level average output power (see Fig. 4.12 (b))
[20, 121].
The pulse durations of both parametric sources range between
300 fs and 450 fs depending on the wavelength. Both the OPO and
the OPA employed either a periodically-poled lithium niobate
(PPLN) or a periodically-poled lithium tantalate (PPLT) crystal as
nonlinear gain medium. The signal and idler wavelengths are separated after the amplifier by broadband long- and short-pass filters
and separate beam lines for the coupling into the fibers are built.
The power as well as the wavelength stability of the OPO + OPA
(MOPA) system is very high as can be seen exemplarily for the
drift of the average output power at a signal wavelength of 1550 nm
in Fig. 4.12 (c). More details about the two parametric sources can
be found in the PhD thesis of T. Steinle [122].
A further parametric source which has been applied for pumping chalcogenide step-index fibers is an optical parametric generator
(OPG) which can be optional injection seeded by a continuouswave (cw) laser diode [123]. The OPG is also pumped by the Yb
oscillator. The wavelength tunability as well as pulse durations of
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the OPG is comparable with the OPA since also a PPLN crystal has
been used while the injection seeded OPG has a limited tunability between 1.5-1.7 µm (signal) and 2.5-3.3 µm (idler). The output
power of the unseeded OPG is somewhat less since the only seed
is provided by vacuum fluctuations.
The adjustment of the beam waist of the collimated laser beams
can be done by a telescope to maximize the coupling efficiency. Two
mirrors allow to guide the beam and to optimize the coupling into
the fibers. The input power launched into the fibers can be controlled in the near-infrared by a half-wave plate in combination
with a polarizing beam splitter and in the mid-infrared directly by
the amount of pump power that is given in the amplifier or by a
variable neutral density filter.
Depending on the core diameter and fiber material different lens
objectives are utilized to couple the beam into the fiber and to collimate it at the end facet. The average output power is measured
with a thermal power meter (Melles Griot, range 1 mw-3 W) before
and after the objectives. The excitation of the fundamental mode is
checked at the fiber output with a suitable camera. This is crucial
to ensure single-mode operation in the multi-mode capable fibers.
To measure the spectrum the laser beam is focused free-space in either an optical spectrum analyzers (Ando, model AQ-6315E, range
0.35-1.75 µm and Yogogawa, model AQ6375, range 1.2-2.4 µm) that
are based on an optical grating or in an Fourier-transform infrared
FTIR spectrometer (Perkin Elmer, model Frontier FTIR spectrometer, range 1.3-25 µm). The output power is attenuated by a neutral
density filter to avoid a saturation of either the camera or the spectrometer.

4.3 pump system and detection devices

Parametric source performance
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Figure 4.12.: Typical performance of the tuning range and average output power for
the (a) fiber-feedback OPO and (b) MOPA. Stability of the average output power (c)
at a signal wavelength of 1550 nm. The figures are adapted from Ref. [122].
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F I B E R S U P E R C O N T I N U U M G E N E R AT I O N :
R E S U LT S

In this section we present measurement and numerical results on
supercontinuum generation for different highly nonlinear fibers in
combination with the dispersion and wave-guiding properties of
the individual fibers. Three fiber materials liquid CS2 filled into
fused silica capillaries, chalcogenide glass, and tellurite glass have
been investigated. The studied fiber geometries can be distinguished
regarding their refractive index profile such as step-index, W-index,
and suspended-core. The fiber properties impact the broadening
characteristics which mainly differ according to the dispersion
regime in which the fiber is pumped. This becomes very important for applications of the SC sources as demonstrated in the next
chapter.
5.1

liquid-filled capillary fibers

In a first study we use fused silica capillary tubes from Polymicro with inner diameters of 2 µm, 5 µm and 10 µm that are filled
with carbon disulfide (CS2 ). We choose the liquid CS2 because of
its very high nonlinear refractive index on the order of n2I = 2.7 ×
10−18 m2 /W and its good transparency in the near- and short midinfrared spectral range.
Optical Properties
The transmission properties of CS2 are quite good with low absorption in the wavelength range up to ∼3 µm as shown in Fig. 5.1.
The long wavelength transmission edge is determined by a strong
absorption band at around 3.5 µm. A weaker narrow-band absorption peak at around 2.2 µm has minor influences on the spectral
broadening.
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Figure 5.1.: Transmission spectrum of carbon disulfide for a path length of 10 mm.

In Figure 5.2 two fiber properties, the GVD-parameter and the
V-parameter, responsible for the dispersion and wave-guiding behavior are demonstrated. A benefit of the 5 µm and 10 µm core diameter capillaries compared to the 2 µm core capillary are their
lower ZDWs and hence weaker absolute GVD values in the wavelength range between 1.5 µm and 3 µm as displayed in Fig. 5.2(a).
Generally, as explained in chapter 2 efficient and broadband SC
generation is obtained by pumping close to the ZDW of the fiber.
However, the 2 µm core capillary can be exploited for all-normal
dispersion pumping which generates a SC with good coherence
properties. The really flat dispersion curve in combination with the
small mode area is suitable for broadband SC generation as well.
The very high core-cladding index difference leads to large values of the V-parameter which is illustrated in Fig. 5.2(b). This is
directly connected to very good wave-guiding properties since the
fundamental mode is tightly confined in the fiber core. However,
fibers with large V-parameters (V > 2.405) will support multi-mode
operation which is the case for both the 5 µm and 10 µm fiber cores
in our studied wavelength range. To avoid the excitation of higher
order modes in the multi-mode capable capillaries special accuracy in terms of incoupling is necessary. Only the 2 µm core di-
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GVD- and V-parameter for CS2-filled capillaries
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Figure 5.2.: (a) Group velocity dispersion (GVD) of the fundamental mode for purely
CS2 -filled capillary fibers with core diameters of 2 µm, 5 µm, and 10 µm. The zero
dispersion boundary is marked with a black dotted line. The zero-dispersion wavelength for the 5 µm core capillary is the shortest with 1.8 µm which is beneficial for
supercontinuum generation. (b) V-parameter for purely CS2 -filled capillary fibers for
core diameters of 2 µm, 5 µm, and 10 µm. The single-mode boundary at V=2.405 is
marked with a black dotted line. Only the 2 µm core capillary is purely single-mode
for pump wavelengths longer than 1.8 µm. For the 5 µm and 10 µm core diameters we have in the whole wavelength range a V-parameter that allows multi-mode
propagation.
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ameter capillary guides solely the fundamental mode for wavelengths longer than 1.8 µm. Nevertheless, the drawback of purely
single-mode fibers is that their mode confinement becomes worse
for wavelengths at which the V-parameter falls below a value of
∼1.5. Hence, a higher power fraction is then guided in the cladding
which is not highly nonlinear.
Due to the beneficial dispersion properties we will first focus on
measurements with the 5 µm and 10 µm core diameter capillaries.
In a first approach we investigate capillary fibers which are not
spliced to a fused silica step-index fiber at their front side. This
enables the most flexible mode-matching of the incoming focused
laser beam to the fundamental fiber mode in the capillary due to
free space coupling. It is very important for the generation of broad
supercontinua to excite mostly the fundamental mode due to its
smallest effective mode area which results in the highest nonlinearity.
The second approach is an integrated liquid-filled capillary with
a standard single-mode fiber spliced in front of the capillary. A key
requirement for the splicing is the maintenance of single-mode operation despite the multi-mode capability of the capillaries. This
is achieved by our newly developed mechanical splicing method
introduced in the previous chapter. To demonstrate single-mode
operation the mode profile at the fiber end is detected with an InGaAs camera as illustrated in Fig. 5.3 for an unspliced as well as for
a spliced capillary fiber. In the figure the 10 µm core diameter capillaries are pumped at a wavelength of 1510 nm. A key benefit of the
integrated device is the avoidance of liquid evaporation. Moreover,
it is easier to couple into a fused silica fiber then into a liquid-filled
capillary.
Measurement Results
In general, the best supercontinuum results are achieved for fiber
lengths of the liquid-filled capillaries between 15 and 20 cm. A further increase in length does not cause significantly broader spectra.
As pump sources we use the Yb:KGW oscillator at a wavelength of
1030 nm and the fiber-feedback OPO at 1510 nm and 1685 nm with-
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Figure 5.3.: Mode field distribution for a CS2 -filled capillary fiber with a core diameter of 10 µm for a pump wavelength of 1510 nm recorded with an InGaAs camera.
Single-mode operation was achieved for (a) unspliced as well as for (b) spliced capillary fibers.

out the subsequent amplification stage. We also pump at longer signal wavelengths, but no increase in spectral bandwidth can be obtained. Hence, the following SC measurements are based on these
three near-IR pump wavelengths.
A. Unspliced Fiber Capillaries
Figure 5.5 shows the supercontinuum and corresponding pump
laser spectra for the unspliced fiber capillaries. Due to the direct
free space coupling we can selectively excite the fundamental mode
which leads to broadband spectra for the 5 µm (green) and 10 µm
(red) capillaries. The overall achieved transmission efficiencies
through the liquid-filled capillary fibers, measured before the incoupling lens and behind the liquid-filled tank are about 75 − 80 %
at 1030 nm, 60 − 75 % at 1510 nm, and 40 − 60 % at 1685 nm, respectively, for the 5 µm and 10 µm core diameters. The efficiencies are
quite good despite the fact that the profile of the CS2 -air interface
at the fiber input end is slightly bent in case of the 10 µm core diameter capillary [see Fig. 5.4]. The decrease in transmission for longer
wavelengths comes mainly from the deteriorating mode profile of
the OPO at longer wavelengths.
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Microscope image of unspliced liquid-filled capillaries
(a)

(b)

(c)

(d)

Figure 5.4.: Microscope images of the fiber ends into which light is coupled. Side
view of (a) 5 µm and (c) 10 µm core diameter capillaries, respectively, and the corresponding top views (b), (d). For the 10 µm capillary the fiber end face is wetted by
CS2 and the profile of the CS2 -air interface is slightly bent which do not diminish
the coupling efficiencies. For the 5 µm capillary the end face is not wetted and CS2
is only located within the core.

In general, the spectral broadening increases for longer pump
wavelengths especially for the 5 µm capillary due to the better dispersion properties at longer wavelengths (closer to the ZDW).
In case of the 1030 nm wavelength both fibers are pumped clearly
in the normal dispersion region [see Fig. 5.2(b)] which leads to
relatively fast pulse broadening in the time domain and to moderate spectral broadening. The reason for achieving bandwidths
of several hundreds of nanometers despite the large dispersion is
the huge third order nonlinearity of CS2 that is based on the noninstantaneous molecular response mainly attributed to molecular
reorientation. As introduced in chapter 2 the strength of the delayed molecular response depends on the pulse duration and its
relation to the relaxation time of the liquid, which lies for CS2 in
the ps-range. The fraction of the non-instantaneous contribution to
the nonlinear refractive index for our laser parameters with initial
pulse widths ∼ 0.5 ps is around 85 % [14]. The nonlinear parameter
for the CS2 -filled capillary fibers is on the order of γ = 2 (Wm)−1 .
The spectral broadening in the liquid-filled capillaries due to the effect of self-phase modulation is accompanied by a strong red-shift
induced by an energy transfer which is correlated to the delayed
nature of the nonlinear response. This can be observed in the spectra of Fig. 5.5(a). Due to the extremely large nonlinear refractive
index of CS2 , only low average powers, e.g., lower than 50 mW, are
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Figure 5.5.: Normalized supercontinuum spectra for unspliced capillary fibers of
5 µm (green), and 10 µm (red) core diameters filled with CS2 and corresponding
pump laser spectra (blue) at a center wavelength of (a) 1030 nm, (b) 1510 nm, and
(c) 1685 nm. The achieved average output powers were (a) 35 mW, (b) 24 mW, (c)
17 mW and (a) 70 mW, (b) 90 mW, (c) 25 mW for the 5 µm and 10 µm capillary fibers,
respectively.
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sufficient to realize a broadening of more than 250 nm in the case
of the 5 µm capillary.
The achieved output average powers for the 5 µm and 10 µm core
diameter capillaries at a wavelength of 1030 nm are 35 mW and
70 mW, respectively. The limitation for the maximum achievable
output power arise from a sudden drop in transmission due to the
formation of air bubbles in the liquid core at the capillary entrance
which we monitored with a microscope. This reproducible behavior is also observed in the study of Kieu et al. [106]. Multi-photon
absorption is assumed to create thermal effects which increase the
temperature above the boiling temperature of CS2 (46 °C). A further
possible reason can be dissolved gases in the liquid which also can
cause bubble formation at a solid-liquid interface.
Pumping at longer wavelengths should in principal overcome the
issue with strong multi-photon absorption and hence higher peak
powers should be possible. However, for the 5 µm core diameter
capillary the possible peak powers remain nearly the same whereas
the spectral broadening is enhanced dramatically. The spectrum
spans from 1300 nm up to 2200 nm [see Fig. 5.5(b)] when pumped at
a wavelength of 1510 nm. A further shift in the pump wavelength to
1685 nm increases the broadening for the 5 µm capillary to a bandwidth of 1200 nm, ranging from 1200 nm to 2400 nm as shown in
Fig. 5.5(c). The increase arises from the fact that the pump wavelength comes close to the zero-dispersion wavelength. Hence, wavelength components can be easily shifted into the anomalous dispersion region by the strong effects of self-phase modulation and
frequency red-shift. As a consequence soliton dynamics in combination with a reduced temporal broadening come into effect further
enlarging the spectral broadening.
In case of the 10 µm core diameter capillary we can increase the
maximum average output power to 90 mW at a pump wavelength
of 1510 nm. The spectral broadening is largest when pumped at
1510 nm, spanning from below 1200 nm (limit of the Yokogawa spectrometer) up to 2100 nm. Here a further increase in the pump wavelength can not increase the broadening because the wavelength
components are still in the normal dispersion region and do not
benefit from soliton dynamics.
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Figure 5.6.: Normalized supercontinuum spectra for unspliced capillary fibers with
a core diameter of 2 µm filled with CS2 at different pump wavelength of 1030 nm
(blue), 1510 nm (green), and 1685 nm (red). The achieved average output powers
were 14 mW, 10 mW, and 7 mW, respectively.

As a comparison, in Fig. 5.6 the achieved supercontinuum spectra
for the 2 µm core diameter capillaries are shown for all three investigated pump wavelengths. The output powers are lower (14–7 mW)
due to the enhanced coupling difficulties based on the extreme reduced core size. Nevertheless, the achieved bandwidths are similar
to the 5 µm core capillary, due to the strongly increased nonlinearity
(smaller effective mode area) despite the fact of all normal dispersion pumping. However, the broadest supercontinuum is achieved
with the 5 µm capillary due to the favorable dispersion properties.
The all-normal dispersion of the 2 µm capillary becomes beneficial
for application in which a high spectral stability is necessary as can
be seen in chapter 6.
B. Spliced Fiber Capillaries
In Fig. 5.7 measurement results for the spliced fiber capillaries at
the three investigated pump wavelengths of 1030 nm, 1510 nm, and
1685 nm are illustrated together with the pump laser spectra. As
in case of the unspliced fibers the 5 µm core diameter capillary re-
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Figure 5.7.: Normalized supercontinuum spectra for integrated capillary fibers of
5 µm (green), and 10 µm (red) core diameters filled with CS2 as well as corresponding pump laser spectra (blue) at a center wavelength of (a) 1030 nm, (b) 1510 nm,
and (c) 1685 nm. The achieved average output powers were (a) 14 mW, (b) 25 mW, (c)
14 mW and (a) 75 mW, (b) 43 mW, (c) 20 mW for the 5 µm and 10 µm capillary fibers,
respectively.
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sults in the stronger broadening compared to the 10 µm capillary.
At the longest pump wavelength of 1685 nm we obtain the largest
spectral broadening, stretching from 1400 nm up to 2200 nm. However, the achieved SC spectra with the spliced capillaries are not as
broad as for the unspliced capillaries. This arises from the mode
mismatch between the SMF and the liquid-filled capillary which
leads in a small extent also to the excitation of higher order modes,
which diminish the nonlinearity and result in a reduction of spectral broadening. We optimize the mode matching by using singlemode fibers with different core sizes, e.g., UHNA3, HI1060, and
SMF28. The best results are achieved with Corning SMF HI1060 for
both capillary core diameters.
The transmission efficiencies through the integrated fiber capillaries are 65 − 72 % at 1030 nm, 50 − 72 % at 1510 nm, and 35 − 45 %
at 1685 nm for the 5 µm and 10 µm core diameters. The better handling of the integrated fiber device is at the cost of somewhat lower
spectral broadening, whereas the broadening behavior is similar
to the unspliced capillaries. The impact of the beneficial dispersion properties of the 5 µm core diameter capillary still results in
a 800 nm broad supercontinuum at a pump wavelength of 1685 nm.
The achieved average output power in this case is 14 mW which is
comparable to the unspliced case. The maximum output power can
not be increased further despite the avoidance of direct focusing
into the liquid, and bubble formation remains a limitation. Placing
the integrated fiber onto a cooled copper block (T = 12 °C) can
slightly increase the achievable output power.
Conclusion
A key advantage of the CS2 -filled capillaries are short ZDWs which
enable to pump with near-infrared signal wavelengths. In addition,
they provide tailorable dispersion properties which can be tuned
from normal to anomalous group velocity dispersion by changing
the core size. Broad spectral bandwidths as large as 1200 nm spanning from 1.2 µm to 2.4 µm in a 5 µm core CS2 -filled capillary have
been demonstrated by pumping at a wavelength of 1685 nm close
to the ZDW. Therefore, only a moderate input power of 40 mW is
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required due to the extreme high nonlinearity. The enhancement
in spectral broadening compared to previous results with liquidfilled fibers [106, 124] is based on beneficial dispersion and nonlinear properties. Pumping in the normal dispersion regime far away
from the ZDW has still resulted in broad bandwidths, especially
for the 2 µm core capillary. Despite the multi-mode capability of
the capillary fibers we have been able to selectively excite mostly
the fundamental mode in unspliced as well as integrated capillaries. To splice a liquid-filled capillary to a single-mode fused silica fiber we have exploited a novel developed mechanical splicing
method that is based on 3D femtosecond direct laser writing. The
patented method is rather accurate, reproducible, as well as flexible
and could be also extended to heat sensitive soft-glass fibers. The
current limitation of the liquid-filled capillary in terms of output
power has been the low damage threshold which causes the generation of cavitation bubbles when the input power gets too high.
This might be suppressed by degasification of the liquid or by using
pressurized liquid chambers as in the work of Fanjoux et al. [125].
For the generation of mid-infrared light in the 3-5 µm spectral range
the liquids are not promising due to upcoming absorption bands at
wavelengths longer than 3.3 µm.
5.2

chalcogenide fibers

Two different geometries of chalcogenide fibers are studied. A robust step-index fiber enables high output power in combination
with all normal dispersion while a suspended-core fiber allows for
anomalous dispersion pumping and profit from soliton dynamics.
However, in the second case the output power and robustness are
limited.
5.2.1

Step-Index Fibers

Two chalcogenide materials both in the step-index design are investigated which have different nonlinear refractive indices and dispersion properties. The two glass compositions are arsenic trisulfide

5.2 chalcogenide fibers

(As2 S3 ) and arsenic triselenide (As2 Se3 ). Both fibers are commercially available from the manufacturer IRflex.
Optical Properties
The chalcogenide fibers made of As2 S3 -glass have core diameters
of 7 µm and 9 µm and a numerical aperture of 0.3. The loss spectrum of a multi-mode arsenic trisulfide step-index fiber is shown in
Fig. 5.8. The material transmission range is from about 1.5 to 6.5 µm.

Loss spectrum for step-index As2S3 fibers
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Figure 5.8.: Loss spectrum of a multi-mode arsenic trisulfide (As2 S3 ) step-index fiber
from IRflex [49].

The As2 Se3 fiber with a core diameter of 12 µm and a numerical
aperture of 0.35 has a broader transmission window from about 1.5
to 9.5 µm as displayed in Fig. 5.9.
The calculated GVD-parameter together with the V-parameter for
all three chalcogenide fibers are displayed in Fig. 5.10. The shorter
ZDW of the sulfide based chalcogenide glass leads to weaker dispersion compared to the selenide based chalcogenide glass in the
accessible pump wavelength range. However, the selenide based
glass has a higher nonlinear refractive index. In the wavelength
range of the idler between 2 µm and 4 µm all three fibers exhibit all
normal dispersion.
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Loss spectrum for step-index As2Se3 fibers
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Figure 5.9.: Loss spectrum of a multi-mode selenide (As2 Se3 ) step-indx fiber from
IRflex [49].

The V-parameters for the As2 S3 fibers in the idler wavelength
range are not always below the single-mode boundary. For the
As2 Se3 fiber multi-mode propagation is possible for the entire pump
wavelength range. However, if the V-parameter falls below ∼1.5 the
ability to constrain light in the fiber core at these wavelengths will
be limited. Thus, an increased portion of the energy for long wavelength components leak into the cladding and the susceptibility to
waveguide losses increase. This is especially true for both sulfide
based glasses and diminish the operating wavelength range of the
fibers to ≈ 4.4 µm in case of the 7 µm core and to ≈5.3 µm in the
9 µm core, respectively.
Measurement Results
As pump wavelengths for the step-index chalcogenide fibers only
the idler wavelengths above 2 µm are of interest due to the strong
normal dispersion in the shorter wavelength range. Due to the better performance at the longer idler wavelengths PPLN crystals are
used in the parametric sources as the nonlinear medium. To obtain
the most suitable pump wavelength and fiber parameters several
measurements are performed with the master optical power amplifier (MOPA) system as well as with the OPG system.
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GVD- and V-parameter for chalcogenide step-index fibers
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Figure 5.10.: (a) Group velocity dispersion of the fundamental mode for arsenic
trisulfide (As2 S3 ) and arsenic triselenide (As2 Se3 ) step-index fibers from IRflex. The
different curves are for core diameters of 7 µm, 9 µm, and 12 µm, respectively. The
zero-dispersion wavelengths for all chalcogenide step-index fibers are above 6 µm.
Hence, we operate at all pump wavelengths in the normal dispersion regime. The
sulfide based glass has lower absolute dispersion values which is beneficial for supercontinuum generation. (b) V-parameter for the same fibers. The single-mode boundary at V=2.405 is marked with a black dotted line. The V-parameter in the idler wavelength range between 2 µm and 4 µm allows not only single-mode propagation. The
small values of the V-parameter for longer pump wavelengths in the As2 S3 fibers
result in a limited operating wavelength range due to increased waveguide losses.
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A. As2 S3 fibers + MOPA
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The spectral broadening is first characterized in 13 cm long pieces
of 9 µm and 7 µm core diameter As2 S3 chalcogenide fibers for different pump wavelengths as shown in Fig. 5.11 and Fig. 5.12. The
eight pump wavelengths range between 2.53 µm and 4.13 µm as
displayed in the top part of the figures. The achieved total transmission efficiency is around 52-64 % depending on the wavelength. For
pump wavelengths higher than 3.8 µm the efficiency goes down due
to the impurity absorption losses in the fiber. For the shorter pump
wavelengths of the OPA we observe deviations from a symmetrical Gaussian spatial beam profile which reduce the transmission
efficiency as well. The coupling efficiency is mainly determined
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Figure 5.11.: Spectral broadening of the supercontinuum at maximum output power
as a function of the launched idler wavelength for a fiber length of 13 cm and a core
diameter of 9 µm. For better visibility each spectrum is shifted upwards by 30 dB.
The average output power correspond to pulse energies between 6 nJ and 13 nJ.

5.2 chalcogenide fibers

by a 5 % loss at each IR objective and a Fresnel reflection loss of
15 % at each fiber end face. The focal point is adjusted with the
aid of an IR-camera to optimize the beam shape and to ensure
single-mode operation in the effectively multi-mode fiber. The generated supercontinuum spectra achieve an average output power
between 250 mW and 550 mW, corresponding to pulse energies between 6 nJ and 13 nJ without observing fiber damage. As the pump
wavelength is increased, the spectral broadening can be enhanced
up to a maximum bandwidth of 1.80 µm (at -20 dB points) in case
of the 9 µm core diameter fiber at a launched idler wavelength of
3.83 µm. There, the spectrum spans from 3.0 µm to 4.8 µm.
The increase in the spectral broadening for longer pump wavelengths can be explained by approaching the ZDW and hence a
reduction of normal dispersion. The estimated ZDW of the fundamental mode for the 9 µm core diameter fiber is calculated to be
around 6.9 µm with normal dispersion of −18 ps/(nm km) at 3.8 µm
(see Fig. 5.10(a)) For the two highest pump wavelengths around
4 µm the spectral broadening can not be further enhanced due to
the reduced transmission associated with higher losses in the fiber
around the impurity band (see Fig. 5.8) and a lower available power
of the OPA. The sometimes observed dip at around 4.3 µm is due
to atmospheric absorption mainly caused by CO2 . We measure the
beam profile of the output beam and observe single-mode operation at all pump wavelengths except at the shortest pump wavelength of 2.53 µm where a higher order mode is excited in case of
the 9 µm core diameter fiber. However, a spectral bandwidth larger
than 550 nm is still obtained. In the inset of Fig. 5.13 the beam profile is illustrated for a launched wavelength of 3.83 µm and maximum output power. The cutoff wavelength for single-mode operation is 3.56 µm (see Fig. 5.10(b)). However, also at shorter wavelengths only the fundamental mode can be excited by proper alignment and adaptation of the focal spot diameter to the mode field
diameter of the fundamental mode.
The overall tuning range of the supercontinuum source with the
9 µm core diameter fiber extends from 2.27 µm up to 4.80 µm measured at -20 dB points.
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Figure 5.12.: Spectral broadening of the supercontinuum at maximum output power
as a function of the launched idler wavelength for a fiber length of 13 cm and a core
diameter of 7 µm. For better visibility each spectrum is shifted upwards by 30 dB.
The average output power correspond to pulse energies between 6 nJ and 13 nJ.

By using a 7 µm core diameter As2 S3 chalcogenide fiber, singlemode operation can also be achieved at a pump wavelength of
2.53 µm due to the reduced cutoff wavelength of 2.93 µm. Owing
to the smaller core size and better single-mode properties of the
7 µm fiber the spectral broadening is enhanced at shorter pump
wavelengths. The shortest wavelength that can be recorded when
pumped at 2.5 µm is 2.19 µm as displayed in Fig. 5.12. However,
the better performance at shorter wavelengths come at the expense
of weaker spectral broadening at longer wavelengths due to looser
mode confinement and enhanced normal dispersion.
Figure 5.13 depicts the spectral broadening for different fiber
lengths of 6 cm, 13 cm, and 23 cm at the most appropriate pump
wavelength of 3.83 µm in case of the 9 µm core diameter fiber. The
maximum achievable output power of 550 mW is the same for all
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Figure 5.13.: Spectral broadening of the supercontinuum at maximum output power
of 550 mW as a function of fiber length for a pump wavelength of 3.83 µm and a
core diameter of 9 µm. (Inset) Mode profile for the 23 cm long fiber at maximum
output power of 550 mW.

three fiber lengths. By using longer fibers the spectral broadening
at the longer wavelength side can be further enhanced up to a wavelength of 4.9 µm. However, with increasing propagation length the
fs-pulses become more and more temporally broadened and the
amount of spectral broadening gradually diminish. Hence, further
enhancement of the fiber length will not push the longer wavelength edge substantially further in the infrared.
The evolution of the supercontinuum spectrum for a 23 cm long
fiber as a function of measured output power is displayed in Fig. 5.14
in case of the 9 µm core diameter fiber. As the input power is increased, the spectrum broadens mostly symmetrically around the
pump wavelength of 3.83 µm, whereas the longer wavelength components are slightly dominating. The process of supercontinuum
generation with fs-pulses when pumping in the normal dispersion
regime away from the ZDW is mainly driven by self-phase modulation. The approximately symmetric spectral properties are typical
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Supercontinuum generation in step-index As2S3 fibers
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Figure 5.14.: Spectral evolution of the supercontinuum as a function of measured
output (input) power for a wavelength of 3.83 µm, a fiber length of 23 cm and a core
diameter of 9 µm. SPM as broadening mechanism in the normal dispersion regime
is visible as symmetric spectral evolution.

for the interaction of SPM and normal dispersion of the fiber. The
supercontinuum bandwidth at an output power of 550 mW ranges
from 2.95 µm to 4.90 µm. Overall, the step-index As2 S3 chalcogenide
fibers are very robust and the spectral broadening remains repeatable over several weeks.
The robustness of the step-index design allows for higher transmission and higher average power in contrast to small core fiber
designs such as suspended core or photonic crystal fibers. The
specified transmission range of the 9 µm core fiber ranges from 1.55.3 µm and exceeds the maximum wavelength observed in the supercontinuum spectrum of Fig. 5.30. Increased pump power should
enhance the bandwidth even further into the mid-infrared while yet
no damage or degradation of the fiber is observed for the applied
powers.

5.2 chalcogenide fibers

B. As2 Se3 Fibers + MOPA
We also investigate the selenide based chalcogenide fiber As2 Se3
with a core diameter of 12 µm. In Fig. 5.15 the spectra obtained
at a pump wavelength of 3.83 µm are illustrated for two different
fiber lengths of 9 and 15 cm and constant output power levels of
200 mW. Due to the enhanced values of the dispersion parameter
compared to the sulfide based chalcogenide glass the bandwidth
saturates already at a fiber length of 9 cm and cannot be increased
further for longer fibers. Hence, the pulse broadens faster and the
peak intensity drops earlier that no substantial broadening takes
place at advanced propagation lengths of the As2 Se3 fiber. However, the wavelengths components at around 4.5 µm are stronger
amplified in case of the longer fiber. The achieved bandwidth with
the As2 Se3 fiber is about 1300 nm (at -20 dB points) and comparable
to the As2 S3 fiber at the same output power level of 200 mW. This
can be explained by the compensating effects of higher nonlinear
refractive index versus increased effective mode area and enhanced

Spectral power density (dB)

Supercontinuum generation in step-index As2Se3 fibers
9 cm fiber
15 cm fiber

0
-5
-10
-15
-20
-25
2.50

3.00

3.50

4.00

4.50

5.00

5.50

Wavelength (mm)
Figure 5.15.: Spectral broadening of the supercontinuum in an As2 Se3 fiber with
a core diameter of 12 µm as a function of fiber length for a pump wavelength of
3.83 µm at constant output power of 200 mW. (Inset) Mode profile at the fiber output
for the 9 cm fiber.
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normal dispersion. The achieved transmission efficiencies are about
∼55-59% and similar to the that of arsenic trisulfide. The reason for
a lower output power is lower available pump power from the OPA
because of the usage of a system where a PPLT nonlinear crystal is
installed. We excite mostly the fundamental mode as shown in the
inset of Fig. 5.15 despite the multi-mode capability of the arsenic
triselenide fiber.
Supercontinuum generation in step-index As2Se3 fibers
Spectral power density (dB)
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Figure 5.16.: Spectral broadening of the supercontinuum at two idler wavelengths of
3.8 µm and 4.0 µm for a 12 µm core As2 Se3 fiber of 15 cm length. The output power
was in both cases 200 mW (input power of ∼360 mW).

When the As2 Se3 fiber is pumped at a wavelength of 4.0 µm the
spectral bandwidth can be increased as illustrated in Fig. 5.16 to
over 1500 nm. Also the spectral power density in the 4.5 to 5.0 µm
region could be increased considerably. This can be explained by
the steep dispersion curve which makes a pump wavelength further
in the infrared more beneficial.
C. As2 S3 Fibers + OPG
We first compare the OPG source with the MOPA system by pumping an As2 S3 chalcogenide fiber with a core diameter of 9 µm and
a length of 18 cm at the same idler wavelength of 3.3 µm. The cou-
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pling efficiencies for both systems are comparable with ∼ 55%. The
output powers behind the fiber vary due to the different maximum
available powers from the pump sources. The spectral bandwidths
as can be seen in Fig. 5.17 only slightly change from 1300 nm for
the MOPA system, to 1200 nm and 1130 nm for the unseeded and
seeded OPG source, respectively. The smoothest spectral shape is
provided by the unseeded OPG pump since the measured spectrum
is an average over many single spectra. Each single spectrum has
also spectral features but subsequent spectra differ in shape due to
the fact that their seed is provided by vacuum fluctuations. The averaging by the FTIR measurement smears the spectral features out
in comparison to the more stable spectra of the cw-seeded OPG and
MOPA system where the shape of subsequent spectra stay the same.
However, the higher noise of the OPG pump source especially for
the unseeded case compared to the MOPA system [123] is reflected
in the power stability of the fiber.
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Figure 5.17.: Supercontinuum generation in an As2 S3 fiber for different pump
sources at an idler pump wavelength of 3.3 µm. The chalcogenide fiber has a core diameter of 9 µm and a length of 18 cm. The output power ranged between 235 mW for
the unseeded OPG source (blue curve) and 315 mW for the cw-seeded OPG (green
curve). The output power for the MOPA system is 280 mW.
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Due to the good spectral flatness when pumped with the unseeded OPG source we pump the chalcogenide fiber at different
idler wavelengths ranging from 3.0 µm up to 4.0 µm as illustrated in
Fig. 5.18. As expected from the measurements with the MOPA system we can increase the bandwidth for longer pump wavelengths
due to the weaker normal dispersion. The broadest bandwidth can
be obtained at a pump wavelength of 3.9 µm spanning from 3.17 µm
to 4.76 µm at -20 dB level.
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Figure 5.18.: Supercontinuum generation in an As2 S3 fiber for different pump wavelengths of the unseeded OPG source at maximum available power. The chalcogenide
fiber has a core diameter of 9 µm and a length of 18 cm. For better visibility each
spectrum is shifted upwards by 25 dB.

Conclusion
Due to the high nonlinearity of the chalcogenide glass fibers we
have achieved flat and broadband spectra that cover the important atmospheric transmission window between 3 and 5 µm. The
supercontinuum source has been very robust due to the solid core
and cladding step-index design with core diameters in the order of
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∼ 10 µm. Furthermore, the SC source has been also very stable with
respect to power as well as spectral fluctuations, especially when
pumped with the MOPA system, due to the all-normal dispersion
configuration. We have been able to achieve over 500 mW of average
output power by pumping a 23 cm long As2 S3 -fiber at an appropriate idler wavelength of 3.8 µm. The achieved spectral coverage
have ranged between 2.9 µm and 4.9 µm. Both As2 S3 and As2 Se3
chalcogenide fiber have shown similar broadening characteristics
and have been both suited for broadband supercontinuum generation. The achieved spectral flatness, especially if pumped with
the unseeded OPG, has been very promising. This broadband light
source is suitable for several applications as can be seen in chapter
6 due to its stable operation and high brightness.
The limiting factor regarding the extension of the spectral width
further into the mid-infrared is the long ZDWs of the not dispersion optimized chalcogenide fibers from IRflex. To pump the fibers
closer to their ZDW powerful laser sources with a wavelength coverage further in the infrared are needed which might be achievable
with difference frequency generation between the signal and idler
wavelengths in the future. Another possibility to shorten the ZDW
is to optimize the composition of the chalcogenide glasses regarding to their dispersion properties. Furthermore, the ZDW can be
shifted by changing the fiber geometry which is the topic of the
following section.
5.2.2

Suspended-Core Fibers

The suspended-core microstructured optical fibers with a three-hole
design made of As2 S3 chalcogenide glass are fabricated by the University of Bourgogne in Dijon, France in the group of Prof. Smektala.
We study different core diameters and geometries with a special attention devoted to an aging process of the fiber.
Optical Properties
The fibers are made from extra-high-purity chalcogenide glass yielding to an attenuation spectrum that is given in Fig. 5.19. The spec-
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trum reveals an optical background loss of 2 dB/m with additional
losses of 1 dB/m and 8 dB/m at 2.9 µm and 4.0 µm related to fundamental OH and SH absorption peaks, respectively. For the simulation linear losses above 5 µm with a similar level to that at the SH
peak are additionally considered.

Loss spectrum As2S3 suspended-core fiber
10

Loss (dB/m)

116

5

0
1

2

3

4

5

Wavelength (mm)
Figure 5.19.: Optical loss of a single-index large core multi-mode chalcogenide fiber
as a function of wavelength [84]. For the suspended-core fiber the loss is measured
at 1.55 µm (star).

The calculated dispersion curves for the As2 S3 suspended-core
fibers under study with two different core sizes of 3.2 µm and 4.4 µm
are shown in Fig. 5.20. The corresponding zero-dispersion wavelengths are located at about 2.25 µm and 2.65 µm. Compared to
the step-index chalcogenide fibers studied previously the ZDW is
strongly reduced. A proper mode confinement inside the fiber core
is also maintained over a wide wavelength range due to the huge
refractive index step (chalcogenide core and air cladding). The effective mode area is exclusively within the fiber core up to a wavelength of about 6.5 µm. This property comes along with high Vparameters and the capability of multi-mode operation.
Measurement Results
In this section, we report SC generation in suspended-core As2 S3
chalcogenide microstructured optical fibers (MOFs). Two sets of supercontinuum generation measurements are performed. The first
set is carried out on freshly drawn fiber samples, whereas for the
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Figure 5.20.: Numerical dispersion curves of our As2 S3 suspended-core fibers under
study, with two different core sizes of 3.2 µm and 4.4 µm.

second set, the same measurements are repeated with similar fiber
samples after being stored under crucial atmospheric conditions
during seven months. For each set of aged and fresh fibers, our experiments consists of three stages, aiming to probe the impact of the
pump wavelength, the fiber length, as well as the input peak power
on SC generation, thus revealing the relationship between aging of
the suspended-core fibers and alterations of mid-IR SC generation.
The suspended-core fibers are cleaved by means of a scalpel blade
and the quality of the interfaces is carefully checked under a microscope before being characterized. In addition, the beam shape at the
output end of the fiber is monitored to ensure that the fundamental
mode is excited in each fiber.
As pump source we use the idler wavelengths of the MOPA system above 3 µm to pump in the anomalous dispersion regime of
the fiber and to avoid seeding at the OH absorption peak.
A. Supercontinuum Generation versus Pump Wavelength
First, we fix the average input power coupled into a defined fiber
segment and tune the wavelength of the pump laser. Figure 5.21
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shows the experimental spectra recorded at the output of a 25 mm
long MOF segment for a fixed incident average power of 190 mW
(corresponds to 4.4 nJ pulse energy) and pump wavelengths ranging from 3.2 to 4.1 µm. The average output power of the supercontinua varies between ∼20 mW and ∼30 mW, in aged and fresh
MOF segments with a 4.4 µm core diameter, respectively. This corresponds to a coupling efficiency of ∼11% and ∼15%, independent of
the input wavelength. This is mainly attributed to the high Fresnel
losses of 17% per facet, and the low coupling efficiency due to the

Supercontinuum generation in As2S3 suspended-core fibers
(b)
(a)

(c)

(d)

Figure 5.21.: (a, c) Experimental and (b, d) numerical SC spectra for various pump
wavelengths from 3.2 to 4.1 µm in 25 mm-long (a, b) fresh and (c, d) 7 months-aged
As2 S3 samples. For sake of clarity, each spectrum is displaced vertically by 40 dB,
and numerical results are shown over 30 dB dynamic range.
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discrepancy between mode field diameters of the optical parametric
amplifier and the MOF, which are >5.0 µm and 4.4 µm, respectively.
Nonlinear spectral broadening that occurs in the present pumping condition of strong anomalous dispersion (45–75 ps/km/nm)
is strongly related to soliton dynamics which shifts spectral componemts towards the long-wavelength edge. By tuning the pump
wavelength upward, short and long wavelength edges of the SC
spectra are both shifted in the mid-IR region. After propagating in
the fresh chalcogenide MOF, the spectrum is strongly broadened
and covers almost 2000 nm over a 30 dB dynamic range. However,
the spectral bandwidth crucially decreases to below 1200 nm, on
the aged specimen counterpart. Additional optical losses which
grow over the exposure period severely reduce the transmission efficiency and explain the decrease of the output power as compared
to the fresh sample. This behavior is confirmed on the aged fibers
after several attempts to pump the sample around 3 µm. During
these experiments, despite repeated trials, an output signal is not
detected, or even imaged by the IR-Pyro-camera. This is due to the
excessive OH absorption occurring around 3 µm, resulting from the
advanced aging process within the suspended-core fiber. A characteristic dip which randomly appears at 4.3 µm in Fig. 5.21(a) is
attributed to atmospheric absorption mainly caused by CO2 .
A detailed analysis based on numerical simulations carried out
by our french collaborators intends to elucidate the strong limitations imposed on the nonlinear dynamics of SC generation observed in the experiment. Numerical results are obtained through
the split-step Fourier method which is based on solving the generalized nonlinear Schrödinger equation (for single-mode and single
polarization). The full dispersion curve from mode calculations (see
Fig. 5.20(b)), the measured fiber losses as well as self-steepening
and Raman effects are taken into account.
With a nonlinear refractive index of n2I ∼ 2.8 × 10−18 m2 /W, a
nonlinear Kerr coefficient of γ ∼ 0.35 (Wm)−1 is obtained in the
wavelength range under study. This leads to a nonlinear length of
about LNL = 1 mm at the considered input peak power. The injected
pulse corresponds to a soliton number N < 20 due to the strong
anomalous dispersion regime. Therefore, the SC spectra are charac-
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terized by the usual self-phase modulation process followed by soliton fission in the first centimeter of propagation. Subsequent propagation is then driven by the Raman soliton self-frequency shift
towards longer wavelengths. When only taking the loss level experimentally measured for the single-index fiber into account, the
simulated SC spectra are in good agreement with those experimentally obtained with the fresh MOF, as shown in Fig. 5.21(b). However, discrepancies become more significant when the experimental
spectra of the aged MOF (see Fig. 5.21(d)) are considered. The best
matching between simulations and experiments is achieved if extra
losses are taken into account. The losses are mainly made up of an
optical background loss of about 20 dB/m, an extra loss at 2.9 and
4.0 µm of about 75 dB/m for OH and SH absorption peaks, respectively, and losses for wavelengths above 5 µm, in a similar way to
what has been previously raised in [84, 126]. These results confirm
the previously presumed glass aging over time upon exposure to
atmosphere, and their inherent deleterious impact on the spectral
broadening.
In spite of a convenient qualitative fit between the simulation
and the experiment, a slight mismatch remains present. This might
be related to the deviation of the simulated dispersion profile that
would affect the shape and range of the simulated SC. In addition, a deviation of the measured coupling efficiency would cause a
change in the peak powers really employed. Moreover, experimental works that involve mid-infrared coupling (collection) into (from)
small fiber cores over such a large range of wavelengths are quite
challenging.
B. Supercontinuum Generation versus Fiber Length
Here, we fix the central wavelength of the pump at 3.5 µm and the
incident power at 270 mW (estimated coupled power ∼35–40 mW),
and change the length of the probed fibers. Fig. 5.22 displays the
corresponding SC spectra obtained for different lengths ranging
from 25 mm to 110 mm. During this study, the coupling efficiencies are similar to those reported above. The spectral broadening in
the fresh MOFs (Fig. 5.22(a)) appears weakly affected by the fiber
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Figure 5.22.: (a, c) Experimental and (b, d) numerical SC spectra obtained by pumping at 3.5 µm various fiber lengths of (a, b) fresh and (c, d) aged As2 S3 samples. For
sake of clarity, each spectrum is displaced vertically by 40 dB, and numerical results
are shown over 30 dB dynamic range.

length, thus evidencing the low fiber losses. For all tested lengths,
the output spectrum covers almost the same spectral range. Nevertheless, the largest bandwidth is achieved with the 45 mm long
segment due to possible losses beyond 5 µm. Besides the significant loss of broadening and flatness, the generated supercontinua
in aged counterpart suspended-core fibers also exhibit a strong dependence on the fiber length (see Fig. 5.22(c)). The present observation confirms the crucial aging, and its inherent deleterious impact
on nonlinear dynamics. In both cases, the broadest SC is obtained
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for very short segments of fibers, but for the aged fiber the limitation comes from the SH absorption band around 4.1 µm and from
losses around 5 µm [84]. The analysis of the experiments is confirmed by numerical simulations shown in Fig. 5.22(b,d). In the
fresh fiber, the Raman soliton self-frequency shift towards longer
wavelengths is very efficient since there is no significant absorption
around 4.1 µm. For the 110 mm long aged fiber segment, the SC
bandwidth is highly reduced. However, to better fit the experiments
some accurate and direct measurements of the losses between 5 and
6 µm are required.
C. Supercontinuum Generation versus Input Power
After selecting the optimal fiber length (45 mm) and pump wavelength (3.5 µm), we investigate the influence of input power on the
spectral broadening. Figure 5.23(a,c) shows the dependence of the
SC spectral width on the estimated coupled average power. Both
width and flatness of the generated SC evolve in a similar manner whatever the considered sample. A continuous flat spectrum
extends from 2.9 to 5.5 µm in the fresh fiber for the maximum
power, whereas the spectral width remains narrower (3–5.1 µm) on
the aged counterpart fiber. Hence, in fresh suspended-core fibers
the spectral width exceeds the width obtained for the step-index
designed fibers by about 500 nm. However, the achieved maximum
output power of 40 mW in case of the suspended-core geometry is
one order of magnitude lower than in the step-index fiber.
Corresponding numerical simulations for the different input powers are given in Fig. 5.23(b,d). A good agreement is obtained for
both fresh and aged samples. Again the previous aging-induced
losses are used in the simulations. It is clear that significant differences appear between SC spectra recorded in fresh and aged microstructured fibers when the input power reaches 24 mW. It mainly
occurs when spectral broadening extends beyond 4.1 µm (i.e., typical wavelength feature of SH extrinsic absorption) and approaches
5 µm. This provides again a proof of the dynamic time evolution
of glass optical properties, in particular the impact of atmospheric
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Figure 5.23.: (a, c) Experimental and (b, d) numerical SC spectra obtained for different incident powers at 3.5 µm in 45 mm-long segments of (a, b) fresh and (c, d) aged
As2 S3 fibers. For sake of clarity, each spectrum is displaced vertically by 40 dB, and
numerical results are shown over 30 dB dynamic range.

moisture through interaction with the glass network, as previously
reported in [127].
Figure 5.23 also reveals the presence of a spectral bump just below 2 µm that is continuously growing upon increasing the power.
It is successfully reproduced in numerical results on both probed
fiber samples. During the initial pulse breaking, the initial pulse
and subsequent generated solitons emit some dispersive wave radiations. However, due to the large detuning of the pump wavelength from the ZDW, the energy content in the normal dispersion
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regime is very low. Hence, the dispersive waves are very difficult
to observe experimentally in that wavelength range, so that they
are not present in previous figures. Consequently, we can wisely
consider that the dip systematically occurring between 2 and 3 µm
is inherent to the nonlinear dynamics which govern the spectral
broadening.
D. Supercontinuum Generation versus Core and Hole Size
The holes running along the length of the MOFs are essential for
their performance. They are advantageous for light guidance (confinement) and scaling down the ZDW for efficient nonlinear dynamics. In general, for SC generation purposes, small-core chalcogenidebased MOFs are conceived. Nevertheless, previous work performed
on silica MOFs proved that optical degradation for the smallest
core MOF occurs more rapidly than for bigger cores. Admitting
that chalcogenide glasses are more prone to degradation than silica
glass, efficiency of nonlinear dynamics is expected to severely decline. To elucidate the previous hypothesis, SC generation measurements are carried out in two aged suspended-core fibers with different core diameters of 4.4 and 3.2 µm, respectively. The comparison
of SC spectra for similar input power is given in Fig. 5.24. A more
pronounced spectral narrowing and flatness within the smaller core
MOF is clearly demonstrated. These results are confirmed by numerical simulations that use extra losses in the smaller core about
two times the above levels of the larger core. Such values are again
in agreement with what had been previously used in Refs. [84, 126]
for a 3.2 µm core fiber.
Since MOF aging is due to atmospheric moisture diffusion in
the holes of the fiber one would expect that with bigger holes water vapor is liable to enter faster into the fiber structure to subsequently contaminate the guiding core. To prove this behavior, two
fibers of the same core diameter and different air-filling fraction (A)
are tested. The air-filling fraction is calculated from the scanning
electron microscope (SEM) images. For the regular MOF, A= 0.11,
however this value increases to 0.25 on the inflated fiber. Fig. 5.24
shows the spectra recorded on both probed MOF specimen and con-
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Figure 5.24.: (a, c) Experimental and (b, d) numerical SC spectra obtained by pumping at 3.5 µm various core-size (or hole-size) aged As2 S3 fibers. The sample length
is 45 mm. For sake of clarity, each spectrum is displaced vertically by 40 dB, and
numerical results are shown over 30 dB dynamic range.

firms the presumed effect. In addition numerical simulations confirms this behavior by using the same aging-induced losses than
in the 3.2 µm core fiber. The crucial aging effect drastically limiting the fibers efficiency. Hence, innovative preventive solutions become an assist. From this perspective, a first strategy based on holes
proofing have been previously suggested and confirmed in [126]. In
addition, manipulating the suspended-core fibers under controlled
dry atmosphere is an efficient alternative technique. Other strategy
consists on filling the holes with other glass materials, such as in
hybrid suspended-core fibers, allowing to avoid such a drastic phenomenon.
Conclusion
The additional enhancement of the nonlinearity through the reduced core size and tight mode confinement within the suspendedcore chalcogenide As2 S3 fiber has resulted in spectral widths of
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over 2500 nm. This is an enhancement compared to the chalcogenide
step-index fiber. The spectral coverage for a 45 mm long fiber with
a 4.4 µm thin core that has been pumped at the appropriate wavelength of 3.5 µm spans from 2.9 µm up to 5.5 µm. However, due to
the small core sizes the transmission efficiency has fallen below 15%
and a maximum average output power of 40 mW has been obtained.
A significant drawback of the microstructured fiber design has been
the significant aging under the exposure to room atmosphere which
has resulted in a substantial reduction of the spectral bandwidth
and flatness. The detrimental impact of atmospheric moisture that
has interacted with the glass network and has lead to increased
background as well as growing fundamental OH and SH absorption bands has been confirmed in our extensive study.
Step-index chalcogenide fibers or hybrid suspended-core fibers
where the air holes have been filled with solid material are a more
robust solution for developing mid-infrared supercontinuum sources
for long-term applications under non-controlled atmosphere.

5.3

tellurite fibers

We study two different tellurite fiber geometries. A standard stepindex design and a sophisticated W-index profile which allows for
advanced precision in tailoring the dispersion properties.

5.3.1

W-Index Fibers

The W-index tellurite fibers with different core diameters are commercially available from NP Photonics [92].
Optical Properties
The W-index fibers show low material losses for an extended wavelength coverage from the visible to beyond 4.5 µm as can be seen in
Fig. 5.25.
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Figure 5.25.: Transmission spectrum of tellurite (TeO2 ) glass from NP Photonics with
a thickness of 0.1 cm [48].

A property of the W-index fiber is the occurance of a second ZDW
which results in a partial flattening of the dispersion curve in the
region between the two ZDWs as shown in Fig. 5.26(a).
A further benefit of the W-index design is a tightly confined
mode and hence, a high fraction of mode power that propagates inside the core. This characteristic helps to reduce optical fiber losses.
In addition, a W-index fiber has a higher single-mode boundary for
the V-parameter (V = 3.8) than in conventional step-index fibers
[64] (see Fig. 5.26(b)). However, the mode power can leak into the
outer cladding due to a smaller effective refractive index of the core
and inner cladding [23]. This effect can lead to a catastrophic loss
for the mode and can occur when the operating wavelength, and
hence, the mode field radius, become too large. Therefore, an effective cutoff wavelength λf exists [128, 129], such that operation is restricted between this value and the single-mode cutoff-wavelength
λc , that is, λc < λ < λf .
Our tellurite fibers have core diameters of 3.2 µm, 4.2 µm, and
5.0 µm and a numerical aperture of about 0.56 [92]. With a three
times larger inner cladding diameter than the core and refractive
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GVD- and V-parameter for W-index tellurite fibers
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Figure 5.26.: (a) Calculated group velocity dispersion (GVD) of the fundamental
mode for W-type index tellurite fibers with core diameters of 3.2 µm, 4.2 µm, and
5.0 µm (red) in comparison with the material dispersion of tellurite glass (black
dashed line). The zero dispersion boundary is marked with a black dotted line with
anomalous dispersion between λ0,1 and λ0,2 . The second ZDW can be tailored accordingly through a change of the core diameter. (b) Calculated V-parameter for the
W-type index tellurite fibers with single-mode cutoff-wavelengths at λc , and cutoffwavelengths due to leakage losses at λf . The single-mode boundary at V = 3.8 and
the leakage boundary at V = 1.4 are marked with black dotted lines.
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index differences as given in Fig. 3.7 the leakage cutoff-wavelengths
λf occur at a V-parameter of around V = 1.4 [128, 129] (see Fig. 5.26(b)).
The first ZDWs remain nearly fixed for all core diameters and are
located at around λ0,1 = 1.9 µm. The second ZDWs increase with
the core diameter and are located at λ0,2 ≈ 3.5 µm, ≈ 4.6 µm, and
> 5.5 µm, respectively. Between these two ZDWs the fiber exhibits
anomalous dispersion, and soliton dynamics play the dominant
role during spectral broadening. Increased material absorption of
tellurite glass above a wavelength of 4.5 µm [92] can limit the spectral broadening on the longer wavelength side.
Measurement Results
Both signal (1.7 µm) and idler (2.5 µm - 4.1 µm) of the post amplifier
based on a PPLN crystal are focused into the tellurite fibers. The resulting total transmission efficiency depends on the core diameter
and is ∼35 % for the 3.2 µm core fiber, ∼40 % for the 4.2 µm core fiber,
and ∼45 % for the 5.0 µm core fiber. Furthermore, a wavelength dependence of the transmission losses is observed. The highest transmission efficiencies are achieved at a pump wavelength of 1.7 µm
and 2.5 µm. In the wavelength range between 3.0 µm and 4.0 µm the
transmission efficiency is nearly constant, decreasing above a wavelength of 4.0 µm. The coupling efficiency is mainly determined by
a 5-10 % loss at each IR objective and a Fresnel reflection loss of
∼10 % at each fiber end face. Additional losses arise due to the NA
mismatch of the strong focusing lenses and the fiber. Several parameters such as core size, pump wavelength, fiber length, and pump
power are investigated to optimize the spectral bandwidth.
A. Variation of Pump Wavelength and Core Diameter
In Figure 5.27 and Fig. 5.28 the spectral broadening characterized
in 15 cm long pieces of W-type index tellurite fibers with core diameters of 3.2 µm, 4.2 µm, and 5.0 µm is displayed for different idler
wavelengths. The eight wavelengths, each represented by a different color, range between 2.6 µm and 4.1 µm. The input powers are
kept fixed at 200 mW for each input wavelength except at 2.6 µm
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(150 mW) due to lower available power from the OPA. The achieved
average output powers behind the out-coupling lens range between
50 mW and 85 mW, corresponding to pulse energies between 1.2 nJ
and 2.0 nJ.
The nonlinear spectral broadening behavior is dramatically influenced by the dispersion properties of the fibers with different core
diameters, especially by the position of the second ZDW relative to
the pump wavelength. The position of the second ZDW is shifted
with increasing core diameter due to the altering strength of waveguide dispersion (see Fig. 5.26(a)).
For the fiber with a core diameter of 3.2 µm (Fig. 5.27(a)) we
can clearly see a difference in the spectral bandwidth for pump
wavelengths below and above the second ZDW. When pumping
in the anomalous dispersion regime between the two ZDWs, soliton dynamics lead to spectral broadening (orange to violet curves).
Thereby, the soliton self-frequency shift (SSFS) plays a dominant
role, shifting spectral components to the long wavelength side. However, a sharp edge forms at the second ZDW stopping the spectral broadening towards the red and resulting in a cancellation of
the SSFS [44]. The limit in spectral broadening through SSFS is accompanied by the formation of red-shifted dispersive waves (DWs)
[130, 131]. Energy from the most intense red-shifted soliton located
closely below the second ZDW is transferred into red-shifted dispersive waves which are observable as distinctive spectral peaks
between 3.6 µm and 4.1 µm in the normal dispersion range of the
fiber especially in case of the 2.6 µm pump wavelength. When the
fiber is directly pumped in the normal dispersion regime above
the second ZDW, the pulse is rapidly temporally broadened due to
the large positive dispersion and hence almost no spectral broadening takes place (turquois to blue curves). However, the pulses are
still guided in the fiber core but with an ascending power content
in the outer cladding for increasing wavelengths. As a result, optical losses slightly increase already for wavelengths shorter than
the leakage cutoff. Furthermore, we obtain a discrepancy between
the experimentally observed second ZDW in Fig. 5.27(a) and the
calculated second ZDW (Fig. 5.26(a)) of around 0.1 µm which can
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Figure 5.27.: Spectral broadening of the supercontinuum as a function of launched
idler wavelengths (each color corresponds to a certain pump wavelength) at fixed input powers of 200 mW (150 mW at a pump wavelength of 2.6 µm). The fiber lengths
are kept fixed at 15 cm. The core diameters are (a) 3.2 µm and (b) 4.2 µm. The position of the second ZDW (marked with a dotted line) has a strong impact on the
spectral broadening and can either limit (a) or enhance (b) the bandwidth in comparison to the 5.0 µm core (see Fig. 5.28). The average output powers were between
50 and 85 mW. For better visibility, each spectrum was shifted upwards by 40 dB.
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be explained by a slight deviation of the core diameter as also observed in reference [132].
In case of the 4.2 µm fiber (Fig. 5.27(b)) the second ZDW is shifted
to about 4.6 µm which enables larger bandwidths. We can pump
exclusively in the anomalous dispersion regime between the two
ZDWs. So no abrupt breakdown in the spectral broadening is observable as in the former case with the 3.2 µm core fiber. However,
a similar spectral feature occurs if the spectral broadening is strong
enough to shift components in the vicinity of the second ZDW. Beginning with the 3.0 µm pump wavelength (black curve) the spectral bandwidth is large enough to approach the second ZDW forming dispersive waves in the normal dispersion regime of the fiber.
In case of the 4.1 µm pump wavelength spectral peaks appear up
to a wavelength of 5.1 µm with a weakly pronounced gap between
the second ZDW and the red-shifted DWs. The broadest spectrum
can be achieved at a pump wavelength of 3.0 µm with a bandwidth
of over 2000 nm, spanning from 2.6 µm up to 4.6 µm. Due to short
nonlinear lengths in the range of some centimeters soliton propagation dynamics occurred rapidly due to soliton fission already after
the first centimeters of propagation along the fiber.
The fiber with a core diameter of 5.0 µm has a second ZDW at
around 6.0 µm. Hence, the second ZDW is not reached by the furthest red-shifted soliton resulting in the absence of any red-shifted
dispersive waves (see Fig. 5.28) . The spectral broadening is reduced
compared to the 4.2 µm core fiber mainly due to an increased mode
area leading to a weaker nonlinearity and enhanced anomalous dispersion. The broadest spectrum covering the spectral range from
2.8-3.8 µm is again obtained at a pump wavelength of 3.0 µm.
In general, with short femtosecond pulses and hence high peak
power and nonlinearity, no significant peak at the pump wavelength is observed as compared to Ref. [92] with picosecond pulses.
This feature shows that the pump beam is efficiently converted
into novel spectral components. The power proportion of the supercontina in the 3-5 µm atmospheric window are very high due
to the ability to pump with long idler wavelengths. The sometimes
observed dip at around 4.3 µm is due to atmospheric absorption
mainly caused by CO2 due to the free-space-coupling into the FTIR.
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Figure 5.28.: Spectral broadening of the supercontinuum as a function of launched
idler wavelengths (each color corresponds to a certain pump wavelength) at fixed input powers of 200 mW (150 mW at a pump wavelength of 2.6 µm). The fiber lengths
are kept fixed at 15 cm. The core diameter is 5.0 µm. The average output powers were
between 50 and 85 mW. For better visibility, each spectrum was shifted upwards by
40 dB.

For the fiber and laser parameters used in our experiment the
soliton orders range between N = 10 and N = 2 with a decreasing
soliton order for pump wavelengths far from the first zero dispersion wavelength. Hence, the general condition N << 16 for which
the coherence properties can be kept at a high level is satisfied with
an expected improvement in the coherence for longer pump wavelengths. A single soliton coherent spectrum could be obtained if we
had been able to use shorter pulses with a duration of 100 fs in case
of the 4.2 µm core diameter fiber at a pump wavelength of 4.0 µm.
B. Variation of Fiber Length
Figure 5.29 depicts the spectral broadening for two different fiber
lengths of 15 cm and 100 cm at pump wavelengths closely below
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and above the first ZDW which is located at 1.9 µm. The launched
pump wavelengths in the 4.2 µm core diameter fiber are 1.7 µm
(Fig. 5.29(a)) and 2.6 µm (Fig. 5.29(b)). The input pump powers are
300 mW and 150 mW, respectively, resulting in output powers between 130 mW and 60 mW. The supercontinuum characteristic can
vary significantly with the position of the input pulse wavelength
relative to the fiber ZDW. When pumping the fiber in the normal
dispersion regime, symmetrical broadening due to self-phase modulation dominates at the initial stage of spectral evolution. However,
in case of the 15 cm long fiber energy is transferred to spectral components in the anomalous dispersion regime above 2 µm, resulting
in significant spectral broadening due to soliton dynamics. By using a longer fiber of 100 cm the bandwidth can be further enhanced
and a flat spectrum spanning from 1.4-2.8 µm is obtained.
As the pump wavelength is switched to the anomalous GVD
regime an increased spectral width and more distinct soliton peaks
are observed. After an initial stage of pulse compression a launched
higher order soliton breaks up into a train of fundamental solitons
referred to as soliton fission. For the pump wavelength of 2.6 µm
soliton fission occurs on a length scale of around 3 cm. The subsequent SSFS which shifts spectral components towards the red is
based on Raman scattering. The characteristic propagation distance
over which the solitons begin to separate is ∼5LD . For our parameters the dispersion length is calculated to be 27 cm. Hence, the
100 cm fiber is triple the dispersion length which leads to distinct
soliton formation and to a spectral extension from 2.4 to 4.0 µm.
Due to the detuning of the pump wavelength from the first ZDW,
a gap exists in the supercontinuum spectra between the generated
blue-shifted dispersive wave radiation in the normal dispersion
range of the fiber at around 1.5 µm and the Raman soliton components. Furthermore, the blue-shifted dispersive wave radiation is
very weak due to the enhanced losses at the IR-objectives in that
wavelength range and due to the presence of Raman scattering
which reduces the energy transfer to the dispersive wave significantly as well [43]. Hence, the continuous detection of the entire
spectral range above the noise level of the FTIR-spectrometer of
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Figure 5.29.: Spectral broadening of the supercontinuum as a function of fiber
length: 100 cm (solid curves) and 15 cm (dotted curves) at fixed input powers. The
pump wavelengths (a) 1.7 µm (brown curves) and (b) 2.6 µm (orange curves) were
launched closely below and above the first ZDW which is located at ∼1.9 µm. The
100 cm long fibers have demonstrated the broader bandwidths for both pump wavelengths due to weak dispersion around the first ZDW and a relatively flat dispersion
profile. For better visibility, each spectrum is separated by 30 dB.
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about -30 dB is limited and only the strong Raman soliton components are shown in Fig. 5.29.
For longer idler pump wavelengths the most red-shifted solitons
reach the second ZDW and the most red-shifted DWs extend up to
the transmission edge of tellurite glass already in case of the 15 cm
long fiber. Hence, an increase in fiber length will not result in a
significant enhancement of spectral broadening.
C. Variation of Pump Power
The evolution of the supercontinuum spectrum for a 15 cm long
fiber with a core diameter of 5.0 µm as a function of input power
is displayed in Fig. 5.30. At low pump power the spectral broadening is dominated by SPM around the pump wavelength of 3.2 µm.
With increased power higher order soliton fission occurs with a first
separated soliton shifted to a wavelength of 3.5 µm. Subsequently,
several separated solitons are clearly distinguishable and their redshift is mainly generated by the Raman based soliton-self-frequency
shift due to the strong Raman coefficient of tellurite glass. The expansion of the supercontinuum at the maximum input power of
460 mW is up to a wavelength of 4.6 µm. The achieved output power
is 130 mW. Further spectral broadening through SSFS is expected
with increased pump power due to the fact, that the second ZDW
is far-off. However, limiting factors are mainly the finite transmission window of tellurite glass and the increased anomalous dispersion at longer wavelengths. The measured beam profile of the
output beam within the wide spectral range appears to be near
TEM00 at all pump wavelengths (see inset of Fig. 5.30), as also observed in Ref. [92]. The polarization state of the output is checked
for the 4.2 µm and 5.0 µm core fibers with lengths of 15 cm at a
pump wavelength of 1.55 µm. The pump is linearly polarized. No
instabilities in the polarization state are observed in time as well
as at increased input powers. However, the fibers show some formbirefringence. The output polarization ratio (power behind polarizer for maximum transmission divided by power behind polarizer
rotated by 90 ◦ ) varies with the angle of the input polarization. In
the optimum case, the polarization ratio at the output is 90/10, but
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Figure 5.30.: Spectral evolution of the supercontinuum as a function of input power
for the 5.0 µm core fiber at a pump wavelength of 3.2 µm and a fiber length of 15 cm.
Red-shifted solitons were the dominant broadening mechanism in the anomalous
dispersion regime due to the strong Raman coefficient of tellurite glass which resulted in asymmetric spectral evolution. For the maximum input power of 460 mW
an output power of 130 mW was obtained. Inset: transversal mode profile.

when the input polarization is rotated by 45 ◦ , the polarization ratio
at the output decreases to 60/40. The origin of the birefringence is
supposed to result from an elliptical core due to fabrication. The
influence on the supercontinuum spectra is negligible. The output
power of the supercontinuum is stable and varies at most only by
±3 % over an hour.
D. Numerical Modeling
The spectral and temporal evolution of pulses launched at a pump
wavelength of 3.25 µm in a 4.2 µm core diameter tellurite fiber are
calculated by solving the generalized Nonlinear Schrödinger equation similar to Ref. [133] to show the qualitative impact of the second ZDW in a W-type index fiber. For the simulation, dispersion
coefficients in the Taylor series expansion of the propagation con-
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Numerical simulaton of spectral broadening in a W-index TeO2 fiber
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Figure 5.31.: Numerical simulation of the (a) spectral and (b) temporal evolution in
a 15 cm long fiber with a core diameter of 4.2 µm.

stant are taken up to the 10th order to obtain decent agreement with
the dispersion curve plotted in Fig. 5.26(b). We neglect absorption
since the fiber length in the simulation is only 15 cm. The Raman response function of tellurite glass with a Raman fraction of fR = 0.34
and a nonlinear refractive index value of n2I = 38 × 10−20 m2 /W is
used. Simulation results in Fig. 5.31 confirm the experimentally observed broadening behavior. The same pulse parameters as in the
experiment are used in the numerical study. When pumped in the
anomalous dispersion regime, soliton dynamics broadens the spec-
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trum rapidly in the first few centimeters of the fiber as displayed in
(Fig. 5.31(a)). The soliton fission length Lfiss is about 2 cm. Spectral
components are shifted to the second ZDW forming a red-shifted
dispersive wave in the normal dispersion regime of the fiber [131].
The spectral power density of the dispersive wave in the simulation is overestimated since we neglect material absorption which
increases above a wavelength of 4.5 µm.
The temporal feature of the supercontinuum is mainly determined by the residual pump pulse and the fundamental solitons
as demonstrated in Fig. 5.31(b). The first (shortest) soliton has the
largest group velocity difference relative to the pump and hence has
the largest temporal delay. Since the soliton fission length as well
as the pump pulse duration increase for longer pump wavelengths
(from ∼2 cm and 280 fs at 3.0 µm to ∼4 cm and 475 fs at 4.1 µm, respectively) the shorter duration solitons that are ejected earlier in
the fission process are expected to be temporally further separated
for shorter pump wavelengths. For a more sophisticated numerical
study the full complexity of the fiber group velocity dispersion and
the IR transmission edge of tellurite glass have to be implemented.
Conclusion
Despite the reduced nonlinear refractive index of tellurite glass
compared to chalcogenide glass the nonlinear spectral broadening
has been huge and could benefit from the anomalous dispersion
properties. The position of a second ZDW could be easily and precisely controlled in the low-loss W-type index tellurite fiber by varying the core size. When shifting the second ZDW to wavelengths
closely below 5 µm the spectral broadening has been benefited from
a flattened dispersion profile and from the generation of red-shifted
dispersive waves up to a wavelength of 5.1 µm. By pumping a 15 cm
long fiber with an appropriate core diameter of 4.2 µm at a wavelength of 3.0 µm in the anomalous dispersion regime, a supercontinuum with a very high power proportion of 90 % in the important
transparent atmospheric window between 3 µm and 5 µm has been
obtained.
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An even further enhancement in the spectral bandwidth is obtained when the nonlinear crystal has been changed to PPLT that
shows higher output power values for the wavelength range between 2 and 3 µm. A spectral bandwidth that covers the region
between 1.9 and 4.85 µm has been achieved as demonstrated in
Fig. 5.32. In this case, the W-index tellurite fiber has been pumped
at a wavelength of 2.4 µm. The excellent mechanical properties of
the simple solid-cladding tellurite fiber have allowed for rather high
average output powers of up to 150 mW with the advantage of further power scalability.
Supercontinuum generation in W-index TeO2 fibers
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Figure 5.32.: Enhancement of spectral broadening in an 4.2 µm core W-index tellurite
fiber when pumped at 2.4 µm with the MOPA system utilizing a PPLT nonlinear
crystal.

The main limit to substantially increase the bandwidth further
into the infrared above 5.0 µm is the long-wavelength edge of the
transmission window of tellurite glass. A drawback of anomalous
dispersion pumping has been the reduced spectral stability which
hampers the application of the obtained supercontinua for i.e. absorption spectroscopy as shown in the next chapter.
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5.3.2

Step-Index Fibers

The step-index tellurite fibers are fabricated in the University of
Bourgogne in the group of Prof. Smektala.
Optical Properties
The step-index tellurite fibers are made of the following tailored
glass compositions for the core (80% TeO2 – 5% ZnO – 10% Na2 O
– 5% ZnF2 , TZNF) and for the cladding (60% TeO2 – 20% Na2 O –
15% GeO2 – 5% ZnO, TNaGZ). An attenuation spectrum is shown
in Fig. 5.33(a) where the glass OH content is very low (< 0.5 ppm)
and the water related absorption band between 3 and 4 µm is nearly
completely eliminated. However, increased absorption exists above
4 µm in comparison to the W-index tellurite fiber corresponding to
the shorter multi-phonon absorption edge of the glass.
Figures 5.33(b) and 5.33(c) report dispersion curves and the effective mode area, respectively, as a function of wavelength for the
fundamental guided mode. For a core diameter ranging from 3 to
4.5 µm, the fiber can exhibit distinct dispersive properties such as
an all-normal dispersion profile or even a multi-ZDW dispersion
profile (see Fig. 5.33(b)). The presence of an all-normal dispersion
regime appears for core diameters ϕ below 3–3.25 µm. The first and
second ZDWs can be easily shifted from 1.9 to 2.3 µm, and from 2.8
to 4 µm, respectively. For the particular choice of a core diameter
between 3.5 and 3.75 µm, the tellurite fiber can exhibit a low and
rather flat dispersion over a wide spectral bandwidth from 2 to
5 µm. Hence, the variation of the core diameter allows for managing fiber dispersion properties to enhance SC generation. However,
such small core diameters imply that the effective mode area significantly spreads into the cladding for wavelengths beyond 3-4 µm
(i.e., strong dispersion of Aeff (λ)). Nevertheless, the optical confinement proves to be rather efficient in the 2-3 µm range. In addition,
the small-core fibers used here are not strictly single-mode for NIR
wavelengths when calculating the V-number; however, only the fundamental mode was excited in our experiments through careful
coupling. Depending on the core diameter, only few higher order
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Figure 5.33.: (a) Measured absorption losses of a large core step-index fiber determined by the cutback technique (inset: image of a small-core fiber cross section).
(b,c) Wavelength dependent dispersion parameter D and effective mode area Aeff
respectively, of the fundamental guided mode in our step-index tellurite fiber with
varying core diameter ϕ =3, 3.5, 4, and 4.5 µm. Solid and dashed lines indicates the
resulting uncertainty due to the fitting procedure of refractive index difference for
our glass pair.

modes can exist for wavelengths beyond 1.5 µm due to typical high
confinement losses. The dashed lines in the Figures represents an
uncertainty range due to an uncertainty in the refractive index difference of the tailored glass compositions in the mid-infrared. For
instance, the core-cladding index difference varies between 0.103
and 0.116 at 2 µm.
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Measurement Results
The measurement results are divided in a numerical and an experimental study. The numerical simulation have been performed
by our collaborator in France with parameters similar to the experimental conditions. As pump wavelengths we use the signal
(1.5-2.0 µm) and the idler (2.2-3.2 µm) of the MOPA system with
the PPLT crystal. This enables to pump efficiently below as well as
above the zero-dispersion wavelength.
A. Numerical simulations
In the following the optimization of fiber parameters for SC generation with mid-IR fs-pulses, more particularly the SC bandwidth and
its extension towards the mid-infrared is numerically investigated.
The objective is to roughly determine the range of parameters suitable for optimized SC generation due to possible uncertainty in the
dispersion curve and mid-IR losses of our small-core fibers. The
numerical simulations are performed with different core diameters
and pumping parameters (250 fs pulses tunable from 1.8 to 2.8 µm
with 6 kW peak power) similar to the laser properties used in the
experimental work. The simulations used a generalized nonlinear
Schrödinger equation that takes the full dispersion curve, both instantaneous and delayed nonlinear responses, as well as the dispersion of the nonlinearity into account. A contribution of fR = 0.25
is used for the delayed Raman response. The nonlinear Kerr coefficient is deduced from numerical calculation of effective mode area
and the nonlinear refractive index n2I = 3.8 × 10–19 m2 /W. The
model also includes the fiber losses in the 1-4 µm spectral range as
given in Fig. 5.33(a) and its extrapolation above 4 µm.
Figure 5.34 summarizes the impact of both the fiber core diameter (i.e., fiber dispersion) and the pump wavelength on the expected
output SC. Here the numerical results are based on both dispersion and mode area curves shown with solid lines in Fig. 5.33(b,c).
Additional simulations are performed with fiber properties shown
with dashed lines, and lead to the same conclusions reported below. The numerical study considers a core diameter ranging from

143

fiber supercontinuum generation: results

Numerical simulaton of spectral broadening
in a step-index TeO2 fiber
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Figure 5.34.: Numerical investigation of the impact of both the fiber core diameter
φ and the pump wavelength λp on (a) the expected output supercontinuum bandwidth at -20 dB expressed in THz, (b) the expected SC flatness, and (c) the expected
SC mid-infrared wavelength edge.

3 to 4.2 µm with steps of 25 nm, and a pump wavelength ranging
from 1.8 to 2.8 µm with steps of 25 nm. The fiber length was fixed
to 10 cm. As the largest SC frequency bandwidth expressed in THz
does not always correspond to the highest mid-infrared wavelength
reached, Figs. 5.34(a) and 5.34(c) show those two SC parameters, respectively.
Fig. 5.34(b) presents the spectral flatness criterion which is another fundamental property of SC performance (i.e., constant power
spectral density along the SC spectrum). Typically, when the value
of spectral flatness is above 0.6, it corresponds to narrow or less
than 20 dB power fluctuations over the SC bandwidth. From
Fig. 5.34(a), we infer that when pumping in the normal dispersion
regime (ϕ < 3.25 µm) the spectral broadening is clearly limited to a
few tens of THz, and its extension in the mid-IR is also restrained
(see Fig. 5.34(c)). Indeed, SC generation is mainly driven by selfphase modulation and optical wave-breaking and it remains nearly
symmetric and flat around the pump wavelength (see Fig. 5.34(b);
the SC flatness is not far from the maximum value of 1). Another
clear situation of less flat SC generation is obtained when considering fibers that exhibits rather large anomalous dispersion
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(λp > 2500 nm and ϕ > 3.8 µm). Then spectral broadening is fully
driven by soliton dynamics and Raman soliton-self-frequency shift.
The presence of a ZDW also induces the formation of dispersive
waves in the normal dispersion regime, in the near-IR largely below 2000 nm. This favors the development of wide SC bandwidth
as shown in Fig. 5.34(a), but the SC flatness is very low since emerging solitons and phase-matched dispersive waves are initially far
from the ZDW and from each other, thus drastically limiting frequency conversion and power spectral density in the spectral region
around the ZDW (λ ∼ 1800 − 2300 nm).
Next we retrieve the usual case of optimization the SC bandwidth
and flatness which consists in pumping the fiber close to its ZDW.
However, for large core diameters (ϕ > 3.8 µm), this corresponds to
pump wavelengths below 2500 nm, and the mid-IR extension of the
SC remains limited due to large anomalous dispersion (and even
lower nonlinearity) experienced by Raman shifted-solitons in the
mid-IR. Finally, the optimized parameters for SC generation (i.e.,
large bandwidth, sufficient flatness, and extension into the mid-IR)
in the tellurite fibers are a pump wavelength between 2200 and
2600 nm, and a fiber core diameter between 3.4 and 3.7 µm. When
inspecting the corresponding fiber properties in Fig. 5.33, such conditions correspond to fibers with low and rather flat dispersion
(even with multiple ZDWs) over a large spectral range. The Raman soliton-self-frequency shift can then be enhanced and even if
a second ZDW is present, mid-IR dispersive waves are further generated. Even with a moderate input peak power for femtosecond
pulses (here 6 kW), the simulations reveal that a rather flat SC covering the 1400-5000 nm range (∼150 THz) can be obtained. The fiber
length studied in the simulation allows to observe the overall SC development without too much limitation related to the fiber losses,
except beyond 4.5 µm where the multi-phonon absorption edge of
the tellurite glass is located. The analysis of the spectral broadening
mechanisms and associated SC generation performance confirms
the key role of an engineered dispersion profile even for a simple
step-index tellurite fiber.
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B. Experimental Results
Our experiments consist of three parameter studies, aiming to investigate the impacts of the fiber core diameter, the pump wavelength, as well as the fiber length on SC generation, thus revealing
the best conditions to obtain an efficient broadband light source in
the mid-infrared spectral region.
The total transmission efficiencies of the signal wavelengths decrease from ∼ 65% to ∼ 40% for longer wavelengths mainly due to
the increasing losses of the lenses above 1800 nm. For the idler the
total transmission peaked at a wavelength of 2600 nm with ∼ 45%,
sharply decreasing to ∼ 10% above 3000 nm due to the rising material absorption in the tellurite fibers. Besides the pump wavelength
also a smaller core diameter of 3.5 µm compared to the 4.3 µm fiber
core diameter leads to slightly (∼ 5-10%) decreased transmission
efficiencies.
1. Variation of Core Diameter
In Fig. 5.35, three different core diameter sizes of (a) 3.5 µm, (b)
3.8 µm, and (c) 4.3 µm are illustrated for the same pump wavelength
of 2400 nm, fixed fiber lengths of around 9 cm and nearly constant
coupled peak power of ∼6 kW. Due to increased anomalous dispersion (see Fig. 5.33(b)) in combination with larger effective mode
areas the spectral bandwidth decreases with larger core diameter.
The output power is only slightly affected by the core size and is
∼70 mW. This confirms that fiber losses are similar for all the fibers.
We achieved the broadest spectrum spanning from about 2 µm
to 5 µm (-20 dB bandwidth) in the mid-infrared by using the 3.5 µm
core fiber. The strong impact of a low and rather flat dispersion
curve in the anomalous dispersion regime for an efficient coverage
of the long wavelength range is confirmed to be crucial as previously revealed by the simulations. However, the low dynamic range
of our spectral measurements does not allow to effectively show
simultaneously the overall SC bandwidth (due to our free-spacecoupling condition in the FTIR), in particular for possible weaker
DWs at wavelengths below 2 µm.
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Figure 5.35.: Experimental SC spectra for distinct fibers with core diameters equal
to (a) 3.5 µm, (b) 3.8 µm, and (c) 4.3 µm, and pumped at 2.4 µm with a constant
coupled peak power of ∼6 kW. The fiber lengths are kept fixed at around 9 cm. The
average output power is given for each SC spectrum.

2. Variation of Pump Wavelength
Signal Wavelengths
The spectral broadening at a constant incoming power of 200 mW
for different wavelengths in the range between 1500 nm and 1975 nm
is shown in Fig. 5.36. The investigated tellurite fiber is 9 cm long
and has a core diameter of 3.5 µm. In this wavelength range we
pump exclusively in the normal dispersion regime. The SC spectra
are typically flat with a narrow bandwidth. The SC bandwidth increases for longer wavelengths due to a pumping condition closer
to the first ZDW (around 2 µm) and the subsequent formation of
solitons in the anomalous dispersion regime. The output power
shrinks from 138 mW at 1500 nm to 58 mW at 1975 nm mainly due
to the increased losses at the coupling lenses. The broadest spec-
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trum at a pump wavelength of 1975 nm covers the 1.6 to 2.4 µm
range. At a signal wavelength of 1700 nm the spectral bandwidth is
clearly narrower due to an increased pulse width of the OPA at this
specific wavelength.
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Figure 5.36.: Experimental SC spectra for various signal pump wavelengths between
1.5-2.0 µm (see colored arrows) generated in a tellurite fiber with a core diameter of
3.5 µm at a constant incoming power of 200 mW. The fiber length is kept fixed at
9 cm. For better visibility, the spectra are shifted apart by 25 dB. The average output
power is given for each SC spectrum.

Idler Wavelengths
Like in the case of the signal wavelengths the impact of the idler
pump wavelengths on the spectral bandwidth is characterized for
constant incoming powers of 200 mW, a fixed fiber length of 9 cm,
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and a core diameter of 3.5 µm. The six idler wavelengths, each represented by a different color, range between 2.2 µm and 3.2 µm as
depicted in Fig. 5.37.
The broadest SC bandwidth with long mid-IR extension is generated when pumped between 2.4 and 2.8 µm, similarly to our numerical predictions. The long-wavelength edge is set by strong material
absorption in the tellurite glass to ∼5.3 µm. This upper limit cannot
be further increased for longer pump wavelengths. The SC flatness
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Figure 5.37.: Experimental SC spectra for various idler wavelengths between 2.23.2 µm (see colored arrows) generated in the tellurite fiber with a core diameter of
3.5 µm at constant incoming powers of 200 mW. The fiber length is kept fixed at 9 cm.
The spectral dips observed around 4.2 µm comes from CO2 absorptions during the
free space coupling of the SC output into the FTIR. For better visibility, the spectra
are shifted apart by 30 dB. The average output power is given for each SC spectrum.
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is optimized for shorter pump wavelengths between 2.2 and 2.4 µm
close to the first ZDW. In addition, the short-wavelength edge shifts
blue. The output power peaked for the 2600 nm pump with a magnitude of 89 mW due to an increased loss of the lenses for shorter
wavelengths and because of rising material absorption in the tellurite fiber for longer wavelengths (see Fig. 5.33(a)). However, the
2600 nm idler wavelength (corresponding to a signal wavelength
of 1700 nm) results in a clearly narrower spectrum which can be
explained by strong atmospheric absorptions degrading the pulse
spectrum of the OPA.
3. Variation of Fiber Length
A set of different spectra generated in fiber lengths between 6 cm
and 12 cm are displayed in Fig. 5.38. From previous measurements,
we chose the optimized pump wavelength of 2400 nm and the tellurite fiber with a 3.5 µm core diameter. The maximum incoming
power of our laser source is equal to 400 mW. An optimum fiber
length of 9 cm is experimentally demonstrated, leading to a supercontinuum with a record spectral coverage in tellurite glass fibers in
the mid-infrared from 1.3 µm to 5.3 µm (see spectrum in Fig. 5.38(b)).
The achieved output power of 150 mW is rather high due to the
high repetition rate of 43 MHz, particularly when compared to kHz
systems. The upper wavelength limit is given by the multi-phonon
absorption edge of the tellurite glass and is not substantially increased compared to pumping with input powers of 200 mW. However, the measured short-wavelength edge is shifted from ∼2.0 µm
to ∼1.3 µm due to the formation of stronger dispersive waves in
the normal dispersion regime. For the 6 cm as well as for the 12 cm
long fibers the spectral bandwidth is significantly reduced. In particular, soliton self-frequency shift and dispersive wave dynamics
are not fully developed for the 6 cm-long fiber segment, whereas
fiber losses are the limiting factor for the 12 cm-long segment. Note
that the mid-IR SC extension is found experimentally more sensitive to fiber length than in our simulations. High absorption losses
in this spectral region (beyond 4 µm) can be related to the multiphonon absorption of the tellurite glass, but also to the fact that

5.3 tellurite fibers

Supercontinuum generation in step-index TeO2 fibers
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Figure 5.38.: Experimental SC spectra obtained for various fiber lengths (a) 6 cm, (b)
9 cm, and (c) 12 cm of the tellurite fiber with a core diameter of 3.5 µm pumped at
2.4 µm with a constant incoming power of 400 mW. The average output power is
given for each SC spectrum.

the effective mode area significantly spreads into the cladding for
these wavelengths, thus leading to possible confinement losses or
scattering due to interface defects (introduced during jacketing the
first preform with a second cladding).
Here, the broadband SC output spanning over two infrared octaves in the 9 cm long fiber with a core diameter of 3.5 µm is significantly boosted by the engineered dispersion curve in this spectral
region. With lower absorption losses in the wavelength range between 4 and 5 µm even flatter SC may be realized in the future.
Our femtosecond pump pulses at 2.4 µm are efficiently converted
into novel spectral components, leading to a high power proportion (about 45%) of the supercontinuum in the 3-5 µm atmospheric
window.
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Conclusion
The step-index tellurite fibers has been particularly suitable for
broadband supercontinuum generation due to its low and rather
flat dispersion in the anomalous dispersion regime (even with multiple ZDWs). We have achieved an infrared spectral bandwidth of
over 4000 nm spanning from 1.3 µm to 5.3 µm (2 octaves) when a
9 cm long segment of a 3.5 µm core diameter tellurite fiber has
been pumped at an optimized wavelength of 2400 nm. This is, to
the best of our knowledge, the broadest supercontinuum in the
mid-infrared obtained in tellurite fibers so far. The long-wavelength
edge of the SC has been limited by the intrinsic transmission window of the tellurite glass. The achieved average output power has
been 150 mW with ∼ 45% power proportion in the important transparent 3 to 5 µm atmospheric window. Further power scalability
due to the excellent mechanical properties of the step-index tellurite fiber seems possible in combination with a further extension
towards the visible spectral range.

6

F I B E R S U P E R C O N T I N U U M G E N E R AT I O N :
A P P L I C AT I O N S

In this chapter we present several applications of our SC sources
that are based on the unique properties of our studied near- and
mid-infrared fibers. Depending on the application different fiber
properties become important.
6.1

transmission spectroscopy

A simple way to identify molecules is to measure their characteristic
vibrational bands that are located at specific wavelengths in the
mid-infrared. In Fig. 6.1 the absorption bands of several materials
in the molecular fingerprint region are displayed.

Absorption bands in the molecular fingerprint region

Wavelength (mm)
Figure 6.1.: Absorption bands of several materials in the molecular fingerprint region from Daylight solutions [134].

A prerequisite for the sources when a high spatial resolution in
the order of the wavelength (micrometer scale) is required is a high
brilliance. This is for example important in medicine to discriminate
between healthy tissue and tumors. The brilliance of a source is
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defined as the number of photons per second, per unit source area,
per unit solid angle and per 0.1% of the central frequency [120, 135].
brilliance =

photons
(s)(mm2 )(sr)(0.1%BW)

(6.1)

A further important practical factor is that compact, high repetition
rate (tens of MHz) pump sources are employed to enable hundreds
of miliwatts of SC average output power. This counteracts kHz repetition rate sources that compromise not only the required power
levels but also the acquisition times and scanning speeds at which
spectra can be recorded by FTIR spectrometers. The faster acquisition times of MHz sources can be understand by better signalto-noise ratios due to the effectively averaging over hundreds of
pulses. Hence, MHz systems appear like cw sources for FTIR spectrometers while kHz systems may experience sampling errors. A
broad wavelength coverage to identify characteristic broadband absorption features of individual specimen or to detect absorption
lines of several substances is another requirement to record a spectrum by an FTIR spectrometer within one shot. Hence, no tuning
of a narrow band laser source (parametric sources or quantum cascade lasers (QCL)) is necessary to obtain an absorption spectrum by
stitching several spectra together. Due to the relative small absorption signals it is challenging to detect vibrational bands in minute
sample areas with widely used broadband spatial incoherent thermal light sources that have an around 3 orders of magnitude lower
brilliance compared to a synchrotron.
Measurement Results
To demonstrate the applicability of FTIR spectroscopy we perform
IR-transmission measurements on the liquid carbon disulfide. Therefore, we place a liquid-filled cuvette from Hellma Analytics (model
QX) with 10 mm path length into the beam and record the spectrum with an FTIR spectrometer. For referencing we also measure
the spectrum of an empty (air-filled) cuvette.
In a first study we use the supercontinuum from an As2 S3 chalcogenide step-index fiber pumped in the normal dispersion range

6.1 transmission spectroscopy

Transmission spectrum with a step-index chalcogenide fiber
in the normal dispersion regime
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Figure 6.2.: IR-transmission spectrum of liquid carbon disulfide (CS2 ) measured
with the chalcogenide supercontinuum source at a pump wavelength of 3.47 µm
and 100 mW output power. For comparison we also plotted an air reference measurement and the reference data from NIST [136].

around a wavelength of 3.5 µm (see Fig. 6.2). The white-light spectrum used to measure the transmission spectrum spans from 3.1 µm
to 3.8 µm with an average output power of 100 mW. Two consecutive measurements (each averaged over 20 scans) of the air-filled
cuvette which are divided by one another show an almost flat
line at unity (gray dashed curve) which proves the good intensity and spectral stability of the supercontinuum over time. The
IR-transmission spectrum of the CS2 -filled cuvette shows the characteristic two-fold absorption peaks (red curve) without any significant defacing noise features. For comparison reference data from
NIST [136] are displayed in black in Fig. 6.2. The two absorption
peaks at 3.41 µm and 3.58 µm fit perfectly the literature values.
The brilliance of our high-power and high repetition rate mid-IR
source is on the order of 1022 ph/s/mm2 /sr/0.1% BW. This is 4
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orders of magnitude brighter than a typical synchrotron due to the
single-mode beam output [120, 135].
In a second study we perform measurements with a 4.2 µm core
W-index tellurite fiber pumped deep in the anomalous dispersion
regime at a wavelength of 3.0 µm (see Fig. 6.3). The spectrum at
Transmission spectrum with a step-index tellurite fiber
in the anomalous dispersion regime
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Figure 6.3.: IR-transmission spectrum of liquid carbon disulfide (CS2 ) measured
with the tellurite supercontinuum source at a pump wavelength of 2.99 µm and
40 mW output power. For comparison we also plotted an air reference measurement
and the reference data from NIST [136].

the output of a 25 cm long fiber spans from 2.8 µm to 4.2 µm with
an output power of 40 mW. This corresponds to a low soliton number of N = 5. Two consecutive measurements (each averaged over
40 scans) of the air-filled cuvette show quite excess random noise
in this case resulting in a jagged line with amplitude fluctuations
around unity (gray dashed curve). The general shape and position
of the two fold absorption dips in the transmission spectrum of CS2
can be observed but the measurement is noisier and no fine absorption features are noticeable. In the anomalous dispersion regime
wavelength and intensity fluctuations can be large due to the sen-

6.2 near-field spectroscopy

sitivity of the broadening mechanism on the seed parameters and
reduced temporal coherence. The seed is partly generated by vacuum fluctuations which lead to temporal instabilities and make a
transmission measurement a lot more sensitive to noise than in case
of normal dispersion pumping. Especially, when pumped under
strong anomalous dispersion far away from the ZDW modulation
instabilities and soliton dynamics induce enhanced pulse-to-pulse
fluctuations [45]. When comparing the solitonic tellurite supercontinuum source to the nonsolitonic chalcogenide supercontinuum
source with excellent coherence properties the limited utilization in
a simple infrared absorption spectroscopic measurement is striking.
To scope with the limited noise performance, advanced techniques
such as two-channel FTIR spectroscopy have to be applied which
are far more complex and record a reference signal simultaneously.
Of further importance for FTIR spectroscopy are the long-term
drifts in wavelength and intensity which will effect the baseline
and distort the normalization with reference measurements. Longterm drifts can result from a reduced coupling efficiency into the
highly nonlinear fiber through misalignment or directly from the
pump source.
Conclusions
The spatial coherence, high brightness, and broad bandwidth of
SC sources are highly advantageous properties for infrared spectroscopy. However, to avoid any hamper of the applicability the
spectral fluctuations from pulse to pulse which results from a reduced temporal coherence must be kept small. This can be achieved
by choosing proper pumping conditions and fiber properties [45] as
experimentally demonstrated for the chalcogenide step-index SC
source.
6.2

near-field spectroscopy

To exploit the high brilliance of the SC sources which enable microspectroscopy on minute sample areas we combine our broadband
SC sources with a scattering type scanning near-field optical micro-
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scope (s-SNOM) from Neaspec as schematically shown in Fig. 6.4.
We image gold rods on a silicon layer with varying rod lengths
and do spectroscopic measurements on C60 -pentacene molecules
in the mid-infrared. The purpose is to make use of the broad bandwidth of the supercontinuum to identify several absorption bands
within one shot without the need to tune the laser. An advantage
of the NeaSNOM system is that the illuminated probing tip of
the atomic force microscopy (AFM) generates a nano-focus with
a spatial resolution on the order of 10 nm independent of the illumination wavelength [137]. To perform micro-spectroscopic measurements on minute sample areas a high brilliance is required to
be able to focus sufficient photons on the probe. The detected elastically back-scattered light contains information about the local optical properties due to the optical near-field interaction between the
tip and the sample. The maximum scan range is 100x100 µm. The
scattered light is collected by an parabolic mirror and the interferogram of an FTIR spectrometer that contains the optical amplitude
and phase is detected by a nitrogen cooled MCT detector. To filter the small near-field signal out of the scattered light that also
contains the unwanted diffusive light the signal is recorded and
demodulated on frequencies that correspond to multiples of the
modulated tip frequency.

Scattering type scanning near-field optical microscope
NeaSNOM
MCT
detector
BS
SC source

AFM cantilever
z

Sample

y

RM

x

Figure 6.4.: Schematic of the working principal of a s-SNOM. A broadband midinfrared SC source is coupled to the near-field microscope (NeaSNOM) where an
AFM tip is illuminated. The back-scattered light is analyzed with an FTIR spectrometer, consisting of a beam splitter (BS), a reference mirror (RM), and a detector.

6.2 near-field spectroscopy

Measurement results
The measurements are performed with the stable step-index As2 S3
chalcogenide fiber in combination with the master optical power
amplifier (MOPA → OPO+OPA) as pump source. The experiments
are conducted in collaboration with H. Linnenbank and F. Mörz.
The spectral stability of the source over time is important due to
the fact that a measurement last several minutes and spectral drifts
lead to noisy images and spectra. Two subsequent recorded spectral
scans on a silicon substrate are shown in Fig. 6.5.
Supercontinuum spectra of a step-index As2S3 fiber
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Figure 6.5.: Two subsequent SC spectra of a 9 µm core As2 S3 step-index fiber
pumped at 3.3 µm by the MOPA system. The spectra with an output power of
170 mW are attenuated to 1.5 mW and recorded with the s-SNOM on a silicon substrate.

The pump wavelength was 3300 nm which corresponds to a wavenumber ν = 3000 cm−1 . The 10% bandwidth is marked in gray and
spans over 500 cm−1 . The typical parameters to record a spectrum
are display in Tab. 10.
The spectral stability of amplitude and phase of the two subsequent scans can be seen in Fig. 6.6. The amplitude stability is obtained by division of two successive spectra while the phase sta-
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Table 10.: Typical scan parameter for a line scan with the s-SNOM.
Scan length
Pixel
Integration time
Average
Resolution
Total scan time
Input power
Sample

750 µm
4096
2.0 ms
3
6.7 cm−1
25 s
1.5 mW
Silicon

bility is obtained by subtraction. The mean offset of the amplitude
from the ideal flat line at unity is less than 1%. The root-meansquare (rms) deviation from the mean is less than 2%. Also the
phase deviations are at acceptable values due to the coherent broadening by SPM. Mainly the noise figure from the idler of the MOPA
pump system is preserved.
By tuning the pump wavelength of the MOPA system the center
wavelength of the spectra can be shifted while also the bandwidth
is changing as shown in Fig. 6.7. This can be explained by the dispersion properties of the chalcogenide step-index fibers as already
discussed in the previous chapter.
In Figure 6.8 optical images of gold rods with a length of 550 nm,
a height of 100 nm on a 0.5 mm thick silicon layer are displayed.
The plasmon resonance of the rods is located at around 3.3 µm. For
the spectral imaging the chalcogenide fiber was pumped at a wavelength of 3150 nm. On the upper row the optical amplitude (OA)
and on the lower row the optical phase (OP) for different higher
orders of the tapping frequency are illustrated.
To take advantage of the broadband SC spectra that simultaneously cover the absorption bands of C60 and pentacene in the wavelength range aound 3 µm we perform spectroscopic measurements
with the s-SNOM. However, IR transmission spectroscopy on C60 pentacene molecules on the nanometer scale was difficult due to the
multiple peak structure of the SC spectrum. Hence, short spectral
fluctuations lead to unwanted spectral feature in the transmission
spectrum, especially in the range of the steep wings, that can not
be distinguished from absorption features of the molecules.

6.2 near-field spectroscopy
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Figure 6.6.: Spectral stability of (a) amplitude and (b) phase of the two successive
scans that are shown in Fig. 6.5.
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Tuning range of the supercontinuum
from a step-index As2S3 fiber
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Figure 6.7.: Tuning range of the SC source for pumping at the three different MOPA
wavelengths of 2850 nm, 3300 nm, and 3900 nm. The center wavelength can be shifted
while the bandwidth will change accordingly.

Near-field imaging with the supercontinuum
from a step-index As2S3 fiber
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Figure 6.8.: Images of the near-field signal of gold rods with a length of 550 nm. OA:
optical amplitude, OP: optical phase, numbers: orders of the tapping frequency

6.3 pulse compression

Conclusions
Our noiseless SC source based on a chalcogenide step-index fiber
can be used for broadband near-field imaging and spectroscopy
due to its excellent brilliance. A limiting factor for spectroscopy
is the flatness of the SC spectrum which may be improved in the
future by pre-chirping. The multiple peak structure which results
from the self-phase modulation broadening mechanism makes the
detection of weak absorption features challenging.
6.3

pulse compression

As discussed in chapter 2 the combination of dispersive and nonlinear effects can be exploited to reduce the pulse duration. The
combined effects lead to a change and distortion of the temporal as
well as spectral pulse properties.
The intention is to utilize the ability of self-phase modulation in
an optical fiber with subsequent propagation through a prism sequence providing anomalous dispersion to shorten the pulse. SPM
causes a broadening of the spectrum which will correspond theoretically in case of a transform limited pulse to a very short pulse
duration. However, during the spectral broadening by SPM in the
normal group-velocity dispersion regime the pulse will acquire a
chirp resulting into an enhanced temporal pulse broadening. The
chirp that is acquired during pulse propagation along the fiber has
to be compensated for. A requirement to shorten the pulse duration
is that the fiber has to be pumped in the normal dispersion regime
of the fiber where the pulse shape will be maintained as a whole
and will not split up in many sub-pulses as in case of anomalous
fiber dispersion (soliton fission). The compensation of a linear chirp
can be achieved by two prisms placed in a configuration as schematically shown in Fig. 6.9. By choosing the right distance lp between
the prisms the prism compensator will provide negative chirp to
compensate the previously acquired positive chirp in the fiber.
In the near-infrared wavelength range silicon prisms can be used
to gather enough negative chirp at a relative short prism distance.
To achieve a fine adjustment of the amount of required chirp the sec-
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Prism compressor
L

lp
e

Figure 6.9.: Two-prism sequence in double-pass configuration for adjustable group
delay dispersion. The first element provides the angular dispersion and the second
element recollimates the spectral components. The lateral displacement of the spectral components (spatial chirp) after the second prism can be removed by reflecting
the beam so that the original beam profile is recovered. The reflected beam is slightly
off-axis to be picked of by an additional mirror.

ond prism is mounted on a movable stage to alter the propagation
length L of the beam through the prism and therefore changing the
gathered material dispersion. The second and third-order material
dispersion introduced by the prism is given by [138]

GDDmaterial

=

T ODmaterial

=

λ 3 L d2 n
,
2πc2 dλ2


d2 n
d3 n
−λ4 L
3
+
λ
.
4π2 c3
dλ2
dλ3

(6.2)
(6.3)

Ordinary optical glasses in the near-infrared range encounter normal dispersion and Sellmeier equations are usually tabulated. The
prism are arranged in such a way that the beam enters and exits
each prism under the same angle (case of minimum beam deviation). This angle shall correspond to the Brewster angle that the reflection losses are minimized for p polarization. Therefore, the apex
angle  of the prisms has to be chosen properly that the Brewster
condition is satisfied. By varying the distance between the prisms
lp the amount of anomalous dispersion through angular dispersion
can be chosen. The negative group delay and third-order disper-

6.3 pulse compression

sion introduced through angular dispersion of the prism is given
approximately by following formulas [138]
GDDprism

≈

T ODprism

≈


dn 2
,
dλ


6lp λ4 dn dn
d2 n
+λ 2 .
π2 c3 dλ dλ
dλ

−

4lp λ3
πc2



(6.4)
(6.5)

The total GDD and TOD for a prism sequence is given by adding
the material and angular dispersion. Silicon prisms are capable to
compensate high amounts of positive chirp however, they have also
higher third-order contributions which can hamper the generation
of ultra-short pulses.
Measurement results
The aim is to achieve a broadband (∼2000 cm−1 ), high-power
(∼500 mW) supercontinuum in the wavelength range around 1.5 µm
that can be temporal compressed nearly to the Fourier limit of
several tens of femtoseconds. For that purpose the MOPA signal
pulses above a wavelength of 1400 nm are suitable delivering Watt
level signal average powers of ∼2 W with pulse duration between
350 to 450 fs. For shorter pump wavelengths the performance of
the MOPA system gets worse (lower power, longer pulses). In general the broadest bandwidths can be obtained when pumped in the
anomalous dispersion regime. However, due to soliton dynamics
the temporal coherence for pulse durations as used in our case gets
considerably reduced which hinders effective pulse compression.
Therefore, the fiber shall exhibit weak normal dispersion around
the pump wavelength. The usage of silica glass fibers is only possible with special nonzero dispersion shifted fibers that possess a
ZDW around 1.60 µm. An alternative are fluoride fibers that have
flat dispersion with a ZDW of ≈ 1.65 µm or tellurite fibers with enhanced GVD due to a zero-dispersion wavelength of around 1.95 µm.
Chalcogenide fibers are not suitable because of too large dispersion
parameters and liquid-filled fibers do not provide high output powers of several hundreds of milliwatts.
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Figure 6.10.: Spectral broadening by pumping in the normal dispersion regime
around 1550 nm in a (a) 30 cm long 9 µm ZBLAN step-index fiber, (b) 15 cm long
4.2 µm tellurite W-index fiber, and (c) 100 cm long 8 µm silica dispersion-shifted
fiber (DCF3).

6.3 pulse compression

In Fig. 6.10 the spectral broadening behavior for (a) ZBLAN, (b)
tellurite, and (c) fused-silica fibers are displayed at different SC output power levels. The fiber lengths of 30 cm, 15 cm, and 100 cm, respectively are chosen according to the value of the dispersion parameter. For the tellurite fiber with a GVD of 90 fs2 /mm at 1.55 µm
a short fiber length is sufficient due to the fast temporal pulse broadening which hinders spectral broadening at advanced propagation
distances. This can be seen in the decreasing rate of spectral broadening for the three highest power values in Fig. 6.10(b). For the
ZBLAN fiber with a GVD of 20 fs2 /mm at 1.55 µm a longer fiber
length can be used. For the silica dispersion-shifted fiber with a dispersion value of 5 fs2 /mm at 1.55 µm a 1 m long fiber is used. For
both the ZBALN and particularly for the DCF3 fiber spectral components are shifted above the ZDWs at the highest output powers.
This can be avoided by changing the pump wavelength to about
1.45 µm as presented in Fig. 6.11. Output power values of several
hundreds of milliwatts and broad bandwidths (at FWHM) on the
order of 200 nm (∼1000 cm−1 ) can be achieved that are clearly based
on the self-phase modulation broadening mechanism to obtain a coherent supercontinuum. Larger coupling efficiencies of around 60%
in the ZBLAN and DCF3 fiber enable higher output powers compared to the tellurite fiber where coupling efficiencies of around
45% are achieved. However, in case of the tellurite fiber input powers from the OPO (∼150 mW) are sufficient to generate broadband
spectra of around 150 nm due to the high nonlinerity of the fiber.
The shortest pulse duration through compression in a prism compressor are obtained with the DCF3 fiber at a pump wavelength of
1450 nm with about 67 fs as can be seen in Fig 6.12. For the tellurite
fiber the shortest pulse duration was limited to 110 fs due to the
stronger Raman contributions.

167

fiber supercontinuum generation: applications

Spectral broadening for pulse compression
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Figure 6.11.: Spectral broadening by pumping in the normal dispersion regime
around 1450 nm in a (a) 30 cm long 9 µm ZBLAN step-index fiber and (b) 100 cm
long 8 µm silica dispersion-shifted fiber (DCF3).
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Temporal pulse compression with a silicon prism pair
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Figure 6.12.: Temporal compression of generated SC spectra from (a) 15 cm long
4.2 µm tellurite W-index fiber pumped at 1550 nm and (b) 100 cm long 8 µm silica
dispersion-shifted fiber (DCF3) pumped at 1450 nm. As dispersion medium a silicon
prism pair was used.
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Conclusions
Pulse compression to pulse durations below 100 fs in the near infrared around 1.5 µm is possible, when tailored fibers with low positive group velocity dispersion are used as a nonlinear broadening
medium. A challenge is to obtain a broadband spectrum which has
at the same time a compressible linear chirp.

6.4

parametric sources

The huge nonlinearities of our studied liquid-filled fibers provide
extremely broad spectra at extremely low pump power levels of
only several milliwatts. Therefore, the highly nonlinear fibers can be
used as a broadband seed for optical parametric amplifiers (OPAs).
This was demonstrated for a CS2 -filled capillary fiber with a core
diameter of 2 µm and a length of 24 cm in collaboration with T.
Steinle [139]. The benefit of a liquid-filled capillary in comparison
to a tapered fused silica fiber is the extended wavelength coverage
which results in an enhanced tuning range of the parametric source.
In addition, the flat and smooth spectrum obtained by pumping at
1540 nm with a cw-seeded OPA (see Fig. 6.13) facilitates the spectral
shaping of the seed pulses by a prism sequence and a mechanical
slit. In standard supercontinuum pumped OPA systems it is often
difficult to maintain the coherence, since especially at high repetition rates, a pump operating in the anomalous dispersion regime is
required to reach a large bandwidth. In case of the 2 µm CS2 -filled
capillary we operate in the normal dispersion regime which is beneficial for low noise characteristics and uniformity of the temporal
pulse shape while simultaneously obtaining a broad bandwidth.
While the spectral bandwidth covers over 900 nm, the actual output power behind the capillary is about 15 mW and the pulses are
strongly positively chirped. This leads to reduced seed peak powers for the subsequent amplifier and results into lower signal power
levels of the OPA compared to tapered silica fibers. Furthermore,
the coupling into the 2 µm liquid-filled core is sensitive and realignment over time was necessary.

6.4 parametric sources

A further application in the field of parametric sources is the usage of a ZBLAN fiber in the cavity of a fiber-feedback OPO instead
of a standard single-mode fused silica fiber to take advantage of the
longer ZDW. This results in changed pulse parameters which was
investigated in detail by T. Steinle. It turned out that higher output
powers at longer wavelengths and a increased tuning range around
the degeneracy are possible due to weaker GVD in the ZBLAN fiber.

Spectral power density (dB)

Supercontinuum spectrum of a CS2-filled capillary fiber
for seeding am OPA
1540nm pump
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Figure 6.13.: SC spectrum from a 2 µm CS2 -filled capillary fiber that has been used
as a broadband seed for parametric amplification.

Conclusions
Related to the high nonlinearity of the liquid-filled fiber low pump
powers are sufficient to obtain large bandwidths even in the normal dispersion regime. This unique feature is particularly suited
to seed an OPA. The enhanced bandwidth and spectral stability
compared to tapered silica fibers come along with reduced output
powers due to the sensitivity of the liquid to heating and evapora-
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tion. An improvement in handling may be obtained in the future
by the developed splicing method introduced earlier in chapter 4.1.
A ZBLAN fiber can replace a fused silica fiber in an fiber-feedback
OPO introducing altered dispersion properties which have positive
effects on the output power at longer wavelengths and on the tuning range around the degeneracy at 2 µm.

7

CONCLUSION AND OUTLOOK

In this work several demonstrations of near- and mid-infrared supercontinuum generation in highly nonlinear optical fibers with
versatile properties have been implemented that are based on novel
non-silica fiber materials such as soft glasses and liquids. In contrast to many other infrared supercontinua the realized broadband
light sources are distinguished by a high repetition rate and average
output power. The spectral broadening behavior in the individual
fibers has been studied in detail by optimizing several features such
as the core diameter and fiber length as well as the wavelength and
power of the pump laser. It has been demonstrated that the linear and nonlinear supercontinuum properties that are related to
the fiber material and design as well as the laser parameters critically determine the spectral stability and hence possible applications. This has been identified experimentally in example for FTIR
and near-field spectroscopy.
In liquid carbon disulfide-filled capillary fibers that are characterized by a strong nonlinearity based on molecular reorientation
a spectral coverage from 1.2 to 2.4 µm has been obtained with very
low required input pump power. The increased spectral bandwidth
compared to previously reported literature values is related to optimized dispersion properties. The functionality has been improved
to a fully integrated device by a novel developed mechanical splicing method that enables the connection of the liquid-filled capillary
to a standard fused-silica fiber by avoiding the application of heat.
The patented connecting device applies the direct laser writing technique to fabricate a ferrule with high accuracy and reproducibility.
The output powers that have been accomplished are several tens of
milliwatts limited by the damage threshold of the fiber.
In another project with robust chalcogenide step-index glass fiber
a record high average output power of 550 mW has been achieved
only restricted by the available pump power. The spectral band-
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width covers the atmospheric transmission window between 3 and
5 µm. With the self-phase modulation broadening mechanism a
high spectral stability has been realized in combination with a very
high brilliance which exceeds that of a synchrotron by 4 orders
of magnitude. This excellent properties has enable the application
for FTIR and near-field spectroscopy which has been successfully
demonstrated in chapter 6.
In highly nonlinear suspended-core chalcogenide fibers the broadening has been further enhanced compared to the step-index chalcogenide fiber up to 5.5 µm due to soliton dynamics involved in the
broadening mechanism. An aging of the fiber has been verified by
directly comparing SC spectra from fresh and 7 months old fiber
samples. The aging is induced by water molecules that are contained in ambient air and penetrate into the air holes of the fiber
structure. The output power restriction to several tens of milliwatts
is related to the enhanced nonlinear properties with very small fiber
core diameters.
In another approach tellurite fibers with a special W-index profile
have been employed that enable tight mode confinement and tailorable dispersion properties especially by varying the position of
a second zero-dispersion wavelength. The spectral coverage spans
from 1.9 to 4.9 µm with red-shifted dispersive waves that enhance
the bandwidth. At an output power of 150 mW no fiber damage
has been observed related to the high damage threshold of tellurite glass. In spectroscopic measurements a higher noise level has
been observed which is connected to the solitonic broadening mechanism.
Furthermore, a simple step-index tellurite fiber has been investigated resulting in a record spectral coverage achieved within tellurite glasses in the mid-infrared of over two octaves (1.3–5.3 µm).
The output power of 150 mW is further power scalable due to the
robust step-index design and the good mechanical properties of
the glass. The fiber transmission range on the long wavelength side
is limited by the multi-phonon absorption edge of tellurite glass
while the fiber is transparent on the short wavelength side up to the
visible. Hence, further spectral broadening towards shorter wavelengths seems feasible.

conclusion and outlook

In summary, several experimental realizations of high power midinfrared fiber based supercontinuum generation have been studied. It has been found out that weak and flat dispersion properties are crucial for broadband light generation. Moreover, the relevant parameters that characterize a supercontinuum source such
as bandwidth, output power, repetition rate, and stability have to
be balanced. Together with an appropriate pump laser highly nonlinear fiber supercontinuum sources customizable for matching the
requirements of certain applications are now available.
As an outlook, the results and characterizations that have been
achieved in this thesis can serve as a starting point for further
improvements and subsequent projects in the field of high power
mid-infrared supercontinuum generation. Some general ideas are
discussed in the following.
• Cascade spectral broadening in successive fibers
The novel developed mechanical splicing method provides
the possibility to connect infrared fibers made of different
materials. With this approach a combination of the individual fiber properties could be achieved. For example a fluoride or tellurite fiber can be pumped in the anomalous dispersion regime with near-infrared laser wavelengths around
2 µm. The obtained solitonic supercontinuum could then be
further broadened in a subsequent chalcogenide fiber that exhibits an enhanced mid-infrared transparency.
• Chalcogenide fibers pumped at longer wavelengths
The spectral bandwidth in chalcogenide fibers could be improved by pumping closer to their zero-dispersion wavelengths
around 5 to 6 µm. Such a pump wavelength range can be provided by difference frequency generation.
• Tellurite fibers pumped with a Tm-fiber laser
Pumping tellurite fibers at wavelengths around 2 µm close
to their zero-dispersion wavelength with a femtosecond Tmfiber laser could enhance the spectral coverage with the additional benefit of an all-fiber device.
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• Chalcogenide PCFs for a flattened dispersion profile
Due to lower melting temperatures of chalcogenide glass arbitrary fiber geometries have been recently fabricated by the
extrusion method. Such fibers enable optimized flat dispersion over a broad wavelength range and could provide ultrabroadband octave-spanning supercontinua.
• Combination of active and passive fibers
Tellurite fibers can be doped with thulium to combine the effects of amplification and supercontinuum generation. This
novel approach could lead to an enhanced spectral broadening.

A

APPENDIX

a.1

fiber material properties

a.1.1

Absorption Spectra

Liquids
The transmission spectra of four highly nonlinear liquids (carbon
disulfide, nitrobenzene, toluene, and carbon tetrachloride) filled
into cuvettes with a path length of 0.01 cm [136] are presented in
Fig. A.1-A.4.
The shown transmission spectra from NIST database are recorded
in the mid-infrared. In the visible and near-infrared the absorption bands are much weaker pronounced and all four liquids have
broadband transmission regions. Detailed transmission spectra for
shorter wavelengths in the visible and near-infrared range can be
found for carbon disulfide in chapter 5 and in references [106, 140],
for nitrobenzene in Ref. [140], for toluene and carbon tetrachloride
in Ref. [57].
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Figure A.1.: Transmission spectrum of neat carbon disulfide (CS2 ) for a path length
of 0.01 cm [136].
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Figure A.2.: Transmission spectrum of nitrobenzene (C6 H5 NO2 ) in solution with
10% CCl4 for 2.5 − 7.5 µm and with 10% CS2 for 7.5 − 16.7 µm for a path length
of 0.01 cm [136].
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Figure A.3.: Transmission spectrum of toluene (C7 H8 ) in solution with 10% CCl4
for 2.6 − 7.5 µm and with 10% CS2 for 7.5 − 22.2 µm for a path length of 0.01 cm
[136].
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Figure A.4.: Transmission spectrum of neat carbon tetrachloride (CCl4 ) for a path
length of 0.01 cm [136].

A.1 fiber material properties

Fluoride glass
Loss spectra of multi-mode fluoride glass fibers from Le Verre Fluoré
are demonstrated in Fig. A.5 and A.6.
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Figure A.5.: Loss spectrum of zirconium fluoride (ZrF4 ) glass step-index fiber
known as ZBLAN fiber from Le Verre Fluoré [47].
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Figure A.6.: Loss spectrum of indium fluoride (InF3 ) glass step-index fiber from Le
Verre Fluoré [47].
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a.1.2

Refractive Index Data

Liquids
Following Cauchy formula for the refractive indices of four highly
nonlinear liquids are used
n2 (λ) = C0 +

C1 C2
+ 4 + C 3 λ2 .
λ2
λ

(A.1)

The corresponding coefficients can be found in Tab. 11 which are
adapted from Ref. [57].
Table 11.: Constants of Cauchy formula of carbon disulfide, nitrobenzene, toluene,
and carbon tetrachloride.
Parameter

C0
C1 (µm2 )
C2 (µm4 )
C3 (µm−2 )

carbon
disulfide

nitrobenzene

toluene

carbon
tetrachloride

2.50984
0.04101
0.00252
-0.00183

2.31952
0.02355
0.00266
-0.00259

2.17873
0.01886
0.00086
-0.00145

2.09503
0.01102
0.00050
-0.00102

Soft-glasses and fused silica
Following Sellmeier formula for the refractive indices of several
soft-glass fiber materials are used.
n2 (λ) = A +

B1 λ2
B λ2
B λ2
+ 22 2 + 23 2 +....
2
2
λ − λ 1 λ − λ2 λ − λ 3

(A.2)

The corresponding coefficients for arsenic trisulfide [55], arsenic
triselenide [56], tellurite [54], ZBLAN [53], indium fluoride [53], and
fused silica [52] can be found in Tab. 12.

A.1 fiber material properties

Table 12.: Constants of Sellmeier formula of fused silica.
Parameter

arsenic
sulfide

arsenic
selenide

tellurite

zblan

indium
fluoride

fused
silica

A
B1
B2
B3
B4
B5
λ1 (µm)
λ2 (µm)
λ3 (µm)
λ4 (µm)
λ5 (µm)

1
1.89837
1.92230
0.87651
0.11887
0.95699
0.0225
0.0625
0.1225
0.2025
750

1
4.99487
0.12071
1.71238
0.24164
19
0.48328
-

2.48432
1.61743
2.47651
0.23178
15
-

1
1.22514
1.52898
0.08969
21.3825
-

1
1.19200
1.20869
0.09166
25.0933
-

1
0.69617
0.40794
0.89748
0.06840
0.11624
9.89616
-

a.1.3

Nonlinear Retarded Response Functions

Liquids
Reorientational response functions of liquids:
• For carbon disulfide, nitrobenzene and toluene adapted from
Ref. [14]
hm (t) = A1 e(−t/tdiff ) (1 − e(−t/trise,1 ) )
+ A2 e(−t/tint ) (1 − e(−t/trise,1 ) )
+ A3 e(−t

2 /(2t2 )
fast

sin(t/trise,2 )

(A.3)

• For carbon tetrachloride adapted from Ref. [18]
hm (t) = A1 e(−t/α) sin(ω1 t)
+ A2 e(−t/α) sin(ω2 t)
+ A3 e(−t/τ1 ) (1 − e(−t/τ2 ) )

(A.4)
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The corresponding coefficients are listed in Tab. 13 and Tab. 14.
Table 13.: Constants of reorientational response function of carbon disulfide, toluene,
and nitrobenzene.
Parameter

carbon disulfide

nitrobenzene

toluene

A1 (1/s)
A2 (1/s)
A3 (1/s)
tdiff (ps)
trise,1 (ps)
tint (ps)
tfast (ps)
trise,2 (ps)

0.4006
0.6598
1.296
1.68
0.14
0.40
0.185
0.15

0.0288
0.0930
1.475
31.8
0.15
0.51
0.08
0.10

0.1265
0.3106
2.646
5.9
0.15
0.50
0.10
0.15

Table 14.: Constants of reorientational response function of carbon tertrachloride.
Parameter

carbon
tetrachloride

Parameter

carbon
tetrachloride

0.0081
0.0092
0.1418

α (ps)
ω1 (THz)
ω2 (THz)
τ1 (ps)
τ2 (ps)

0.89
42.101
60.592
0.2413
0.4726

A1 (1/s)
A2 (1/s)
A3 (1/s)

The fraction of the retarded response for carbon disulfide, nitrobenzene, toluene from Ref. [14] and carbon tetrachloride from Ref. [18]
can be found in Tab. 15.
Table 15.: Fraction of the retarded response.
Parameter

carbon
disulfide

nitrobenzene

toluene

carbon
tetrachloride

fR

0.81-0.88

0.86-0.97

0.62-0.70

0.10

A.1 fiber material properties

Soft-glasses and fused silica
Following Raman response functions for arsenic trisulfide [33], arsenic triselenide [34], fluoride [141], and fused silica [7] have been
used in the simulations with coefficients tabulated in Tab. 16
hR (t) =

τ21 + τ22
exp(−t/τ2 ) sin(t/τ1 ).
τ1 τ22

(A.5)

Table 16.: Constants of Raman response function of arsenic trisulfide [33], arsenic
triselenide [34], fluoride [141] ,and fused silica from Ref. [7].
Parameter

arsenic
sulfide

arsenic
selenide

fluoride

fused silica

15.2
230.5

23
164.5

16.7
20.3

12.2
32

τ1 (fs)
τ2 (fs)

A modified form for fused silica with fb = 0.21, τb = 96 fs writes
h
i
2
hnew
(A.6)
R (t) = (1 − fb )hR (t) + fb (2τb − t)/τb exp(−t/τb ).
For the Raman response functions of tellurite glass following formula from Ref. [36] are used with listed coefficients in Tab. 17
hR (t) =

7
X

Ai exp(−γi t)exp(−Γi2 t2 /4) sin(ωi t).

(A.7)

i=1

Table 17.: Constants of Raman response function of tellurite.
Parameter
A1
A2
A3
A4
A5
A6
A7

(1/s)
(1/s)
(1/s)
(1/s)
(1/s)
(1/s)
(1/s)

Parameter
0.0106
0.0055
0.0180
0.0043
0.0102
0.0020
0.0171

Γ1
Γ2
Γ3
Γ4
Γ5
Γ6
Γ7

(THz)
(THz)
(THz)
(THz)
(THz)
(THz)
(THz)

Parameter
15.675
10.767
12.537
6.719
6.029
3.646
7.185

γ1
γ2
γ3
γ4
γ5
γ6
γ7

(THz)
(THz)
(THz)
(THz)
(THz)
(THz)
(THz)

Parameter
6.269
4.306
5.015
2.687
2.412
1.458
2.874

ω1
ω2
ω3
ω4
ω5
ω6
ω7

(THz)
(THz)
(THz)
(THz)
(THz)
(THz)
(THz)

25.33
53.77
80.95
112.61
124.07
135.12
141.87
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Fraction of the retarded response for chalcogenide [34, 78], tellurite
[36], fluoride [35, 141], and fused silica adapted from Ref. [7] are
tabulated in Tab. 18.
Table 18.: Fraction of the retarded response.
Parameter
fR

a.1.4

chalcogenide

tellurite

fluoride

fused silica

0.15-0.18

0.31-0.59

0.06-0.30

0.18

Manufacturers of Infrared Fibers

• CorActive: Chalcogenide step-index fibers
• Corning: Fused silica dispersion-shifted fibers
• FiberLabs: Fluoride step-index fibers
• IRflex: Chalcogenide step-index fibers
• Le Verre Fluoré: Fluoride step-index fibers
• NKT Photonics: Fused silica photonic crystal fibers
• NP Photonics: Tellurite step-index fibers
• Perfos: Fused silica photonic crystal fibers
• Polymicro Technologies: Fused silica capillary tubes
• SelenOptics: Chalcogenide microstructured and tapered fibers
• Thorlabs: Fused-silica dispersion-shifted and fluoride stepindex fibers
• University of Bourgogne: Chalcogenide and tellurite microstructured and step-index fibers

A.2 laser properties

a.2
a.2.1

laser properties
Units of Decibel

In nonlinear fiber optics it is common to express spectral power
densities or fiber losses in decibel units to display a larger unit
range. In general any ration R can be converted into decibels (dB)
according to the general definition [7]:
R (in dB) = 10 · log10 (R)

(A.8)

For example an optical loss of 1 dB on a fiber facet stands for a
drop in the optical power to ≈ 80% of its initial value. When a
reference level of 1 mW is chosen a derived unit dBm is defined
and the transmitted powers can be specified as [7]:
 power 
power (in dBm) = 10 · log10
(A.9)
1 mW
In this decibel scale for absolute power, 1 mW corresponds to 0 dBm,
whereas powers with < 1 mW have negative dBm values.
a.2.2

Units of Esu

To convert the unit of the nonlinear refractive index from m2 /W in
the SI system into esu units following formula can be used [118]:
n2 (esu) = 2.39 × 106 · n · n2 (m2 /W),
where n is the linear refractive index.

(A.10)
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a.2.3

Coupling Lenses and Coatings

Properties of aspheric lenses used for coupling into the fiber are
shown in Tab. 19 and Tab. 20. For the near-infrared spectral range
compact aspheric lenses made from Corning C0550 glass from Newport Cooperation are used, whereas for the mid-infrared molded
aspheric lenses made of black diamond (Sb12 Ge28 Se60 ) from Thorlabs are employed. The performance of seven anti-reflection (coatTable 19.: Parameters of the used compact aspheric lenses from Newport Cooperation for the near-infrared.
Power

60x

40x

30x

20x

16x

10x

Focal length (mm)
Working distance (mm)
Clear aperture (mm)
Design wavelength (nm)
NA

2.8
1.6
3.6
830
0.65

4.5
2.9
5.0
780
0.55

6.2
3.5
5.0
780
0.40

8.0
5.9
8.0
780
0.50

11.0
8.0
5.5
633
0.25

15.4
14.0
5.0
780
0.16

Table 20.: Parameters of the used molded aspheric lenses from Thorlabs for the
mid-infrared.
Power
Focal length (mm)
Working distance (mm)
Clear aperture (mm)
Design wavelength (µm)
NA

-

-

-

1.87
0.34
4.0
9.5
0.85

4.00
2.67
5.0
2.5
0.56

5.95
4.0
7.6
4.1
0.56

ing) (AR) coatings for the visible to the mid-infrared spectral region
are presented in Fig. A.7. The measured data are from Thorlabs and
are taken under 8 degree angle of incident (AOI).

A.2 laser properties

Anti-reflection coatings
A
(350-700 nm)
B (650-1050 nm)
C (1050-1700 nm)
D (1.65-3.0 mm)
E
(2-5 mm)
F
(8-12 mm)

3.5

Reflectance (%)

3
2.5
2
1.5
1
0.5
0

0.5

1

5

Wavelength (mm)

10

Figure A.7.: Reflectance of anti-reflection coatings from Thorlabs.

a.2.4

Laser Pulse and Fiber Parameters

To have some important characteristic laser pulse and fiber parameters at one glance they are listed below.
A laser pulse is characterized by several quantities: its pulse energy Epulse , its pulse duration TFWHM , and its repetition rate f. To account for the actual pulse shape a factor m is given by 0.94 (Gauss)
and 0.88 (sech), respectively. Helpful conversion formulas to determine related quantities are
• Peak power
P0 = m ·

Epulse
TFWHM

,

(A.11)

• Average power
Pavg = Epulse · f =

1
·T
· f · P0 ,
m FWHM

(A.12)

P0
.
Aeff

(A.13)

• Peak intensity
I0 =
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The two characteristic length scales, the soliton number and some
nonlinear quantities introduced in chapter 2 are given by
• Dispersion length
2πcT02
T02
,
= 2
|β2 |
λ |GVD|

(A.14)

1
λAeff fTFWHM
=
,
γP0
2πn2I mPavg

(A.15)

LD =
• Nonlinear length
LNL =
• Soliton number

s
N=

LD
,
LNL

(A.16)

• Nonlinear phase shift
ΦNL,max = γ · L · P0 ,

(A.17)

• Nonlinear parameter
γ=

2πn2I
.
λAeff

(A.18)
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supercontinuum generation in large-core As2 S3 fibers,” Opt.
Lett. 39, 6474–6477 (2014).
[77] L. Robichaud, V. Fortin, J. Gauthier, S. Châtigny, J.-F. Couillard, J.-L. Delarosbil, R. Vallée, and M. Bernier, “Compact 3-8
µm supercontinuum generation in a low-loss As2 Se3 stepindex fiber,” Opt. Lett. 41, 4605–4608 (2016).
[78] D. D. Hudson, M. Baudisch, D. Werdehausen, B. J. Eggleton,
and J. Biegert, “1.9 octave supercontinuum generation in a

bibliography

As2 S3 step-index fiber driven by mid-IR OPCPA,” Opt. Lett.
39, 5752–5755 (2014).
[79] S. Xie, N. Tolstik, J. C. Travers, E. Sorokin, C. Caillaud,
J. Troles, P. St.J. Russell, and T. Sorokina, “Coherent octavespanning mid-infrared supercontinuum generated in As2 S3 silica double-nanospike waveguide pumped by femtosecond
Cr:ZnS laser,” Opt. Express 24, 12 406–12 413 (2016).
[80] A. Marandi, C. W. Rudy, V. G. Plotnichenko, E. M. Dianov,
K. L. Vodopyanov, and R. L. Byer, “Mid-infrared supercontinuum generation in tapered chalcogenide fiber for producing
octave-spanning frequency comb around 3 µm,” Opt. Express
20, 24 218–24 225 (2012).
[81] C. W. Rudy, A. Marandi, K. L. Vodopyanov, and R. L. Byer,
“Octave-spanning supercontinuum generation in in situ tapered As2 S3 fiber pumped by a thulium-doped fiber laser,”
Opt. Lett. 38, 2865–2868 (2013).
[82] S. Xie, F. Tani, J. C. Travers, P. Uebel, C. Caillaud, J. Troles,
M. A. Schmidt, and P. St.J. Russell, “As2 S3 -silica double
nanospike waveguide for mid-infrared supercontinuum generation,” Opt. Lett. 39, 5216–5219 (2014).
[83] U. Møller, Y. Yu, I. Kubat, C. R. Petersen, X. Gai, L. Brilland, D. Méchin, C. Caillaud, J. Troles, B. Luther-Davies, and
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T. Kennerknecht, C. Eberl, M. Thiel, and M. Wegener, “Tailored 3D mechanical metamaterials made by dip-in directlaser-writing optical lithography,” Adv. Mater. 24, 2710–2714
(2012).
[117] R. Thapa, R. R. Gattass, V. Nguyen, G. Chin, D. Gibson,
W. Kim, L. B. Shaw, and J. S. Sanghera, “Low-loss, robust
fusion splicing of silica to chalcogenide fiber for integrated
mid-infrared laser technology development,” Opt. Lett. 40,
5074–5077 (2015).
[118] RP Photonics (www.rp-photonics.com/encyclopedia.htm).
[119] A. Steinmann, B. Metzger, R. Hegenbarth, and H. Giessen,
“Compact 7.4 W femtosecond oscillator for white-light generation and nonlinear microscopy,” in Conference on Lasers
and Electro-Optics, OSA Technical Digest (CD) (Optical Society
of America, 2011), paper CThAA5 .
[120] T. Steinle, F. Neubrech, A. Steinmann, X. Yin, and H. Giessen,
“Mid-infrared Fourier-transform spectroscopy with a highbrilliance tunable laser source: investigating sample areas
down to 5 µm diameter,” Opt. Express 23, 11 105–11 113
(2015).
[121] F. Mörz, T. Steinle, A. Steinmann, and H. Giessen, “MultiWatt femtosecond optical parametric master oscillator power
amplifier at 43 MHz,” Opt. Express 23, 23 960–23 967 (2015).
[122] T. Steinle, Ultrafast near- and mid-infrared laser sources for linear and nonlinear spectroscopy, Phd thesis, Universität Stuttgart
(2016).

bibliography

[123] H. Linnenbank, T. Steinle, and H. Giessen, “Narrowband cw
injection seeded high power femtosecond double-pass optical
parametric generator at 43 MHz: Gain and noise dynamics,”
Opt. Express 24, 19 558–19 566 (2016).
[124] M. Vieweg, T. Gissibl, S. Pricking, B. T. Kuhlmey, D. C. Wu,
B. J. Eggleton, and H. Giessen, “Ultrafast nonlinear optofluidics in selectively liquid-filled photonic crystal fibers,” Opt.
Express 18, 25 232–25 240 (2010).
[125] G. Fanjoux, A. Sudirman, J. Beugnot, L. Furfaro, W. Margulis,
and T. Sylvestre, “Stimulated Raman-Kerr scattering in an integrated nonlinear fiber arrangement,” Opt. Lett. 39, 5407–
5410 (2014).
[126] O. Mouawad, C. Strutynski, J. Picot-Clémente, F. Désévédavy,
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