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Preface

My interest in fiber lasers began roughly one year before starting as a Ph.D. stu-
dent under the supervision of Prof. Søren Rud Keiding. I attended a lecture held
by John Erland Østergaard from NKT and was intrigued by the close connec-
tion between the interesting physics and real life applications related to optical
fibers. I soon became an active part of the femtogroup at The University of Aar-
hus, which besides Søren also included Jakob Juul Larsen (employed by NKT,
and posted in Aarhus), Jan Thøgersen (TAP at The University of Aarhus) and the
three Ph.D. students Henrik N. Paulsen, Karen M. Hilligsøe and Thomas V. An-
dersen. My interest in ultrafast phenomena related to optical fibers was further
stimulated, as we went through the book, ”Nonlinear Fiber Optics” by Agrawal
[1] equation by equation. It was at that time I accepted to work on this Ph.D.
project. The project is a collaboration between The University of Aarhus and the
NKT-Photonics group. NKT-Photonics is a constellation of relatively small spin-
off companies of which three have been relevant for this work: Koheras, Crystal
Fibre and NKT-Research & Innovation (NKT-Research). Koheras primarily pro-
duces cw fiber laser with ultra narrow line widths. Crystal Fibre manufactures
photonic crystal fibers. NKT-Research carries out relevant basic research to sup-
port further development of the companies within the NKT-Photonics group.
My primary contact has been with NKT-Research, and more specifically, Claus
Friis Pedersen, although I have worked together with many others at both Ko-
heras, Crystal Fibre and NKT-Research. The NKT-Photonics adventure really
took off in the year 2000 when the NKT-owned spin-off company, Giga was
sold to Intel for about 1.3 billion Euros. A large amount of this money were
reinvested into fundamental research. NKT-Academy was founded and numer-
ous photonics-related Ph.D. projects were initiated in Denmark and abroad. The
focus of my Ph.D. project was the development of new mode-locked fiber lasers.
Neither NKT nor the group at the University of Aarhus had any prior knowl-
edge of the development of such fiber lasers, but saw the rapid development of
applications combined with exciting technologies at NKT as an potential future
income. The focus at NKT was further moved into applications of mode-locked
lasers at the collapse of the telecommunication market. Today the product of
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perhaps biggest economic potential in NKT is their high average power super-
continuum white light source, based on an amplified mode-locked fiber laser
and supercontinuum generation in nonlinear photonic crystal fibers.

During the Ph.D. project, the main part of the time was spent in Aarhus.
However, at numerous occasions, I also visited and worked at NKT in Birkerød.
Especially the lack of a fusion splicer for polarization maintaining fibers in Aar-
hus, where most of the tests on the mode-locked fiber lasers were carried out, re-
sulted in many trips to NKT. In the summer of 2005, I was also fortunate enough
to gain experience from working together with Jens Limpert and Thomas Schrei-
ber in their group at the University of Jena, Germany.
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CHAPTER 1

Introduction

Ultrafast optics have for decades been a very rich research field, and today
short pulsed laser systems find numerous applications in areas of fundamen-
tal research as well as for medical and industrial applications. For example
ultrafast laser systems are used for time resolved studies in chemistry [2], op-
tical frequency metrology [3], terahertz generation [4], two photon and CARS
spectroscopy and microscopy [5], and optical coherence tomography [6]. Other
medical related applications are eye laser surgery and dentist drills [7]. In the
industry, ultrafast lasers are used for micro-machining and marking [8, 9]. The
corner stone of ultrafast optics is the mode-locked laser, and developments of
mode-locked lasers have been a huge research field in itself.

1.1 Mode-locked lasers

Mode-locking of a laser refers to a locking of the phase relations between many
neighboring longitudinal modes of the laser cavity. Locking of such phase rela-
tions enables a periodic variation in the laser output which is stable over time,
and with a periodicity given by the round trip time of the cavity. If sufficiently
many longitudinal modes are locked together with only small phase differences
between the individual modes, it results in a short pulse which may have a sig-
nificantly larger peak power than the average power of the laser. The origin of
mode-locking is best understood in the time domain. A laser in steady state is
a feedback system, where the gain per round trip is balanced by the losses. If a
nonlinear (i.e. nonlinear in terms of optical power) element is introduced into
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the cavity, which introduces a higher loss at lower powers, the laser may favour
a superposition of longitudinal modes corresponding to a short pulse with high
peak power. However, a further requirement for obtaining stable mode-locking
is that the pulse reproduces itself after one round trip (within a total phaseshift
on all the longitudinal modes). The phase relations between different modes are
affected by effects such as dispersion, gain bandwidth, nonlinear phase shifts
etc. Although an infinite number of different pulses can be constructed as dif-
ferent superpositions of longitudinal modes, usually only a single pulse spec-
ified by its shape, duration, peak power and chirp is a stable solution of the
cavity, and thus the output pulse characteristics can be designed and controlled
by changing the physical parameters of the comprising laser elements.

Various mechanisms (both active and passive) exist for mode-locking lasers.
For a review of active and passive mode-locking and its historical development,
see e.g. reference [10]. For a review of mode-locked fiber lasers see e.g. refer-
ences [11, 12], and for a more current review of fiber laser systems in general,
see e.g. references [13, 14].

1.2 Fiber lasers

Traditionally, classical solid-state mode-locked lasers (i.e. lasers based on laser
crystals like e.g. the Ti:Sapphire and the Nd:YAG lasers) have dominated the
market, and in terms of reliability and long term stability these solid-state lasers
are still the preferred choice. However, solid-state lasers also require stable
laboratory-like environments with optical tables and stabilized room temper-
ature. Furthermore, solid-state lasers have a high power consumption, and of-
ten require maintenance. If ultrafast optics are to gain grounds on much wider
commercial markets, solutions to these limitations must be found.

The potential of making compact, rugged laser systems with low power con-
sumption at relative low price make amplified fiber lasers a very promising al-
ternative to classical solid state lasers. The key properties that make rare-earth
doped fibers attractive as laser gain media are the high single pass gain com-
bined with broad gain bandwidths and excellent beam quality. These qualities
make fibers attractive as gain media in mode-locked lasers. The commercial
market has been pioneered by especially one company, IMRA [15], but as the
market has grown, more companies have joined the game and developed com-
mercial fiber laser products. The development of fiber lasers has initially been
driven by the massive development of telecommunication components, and for
many years fiber lasers based on erbium technology have dominated the fiber
laser market. Very recently companies like e.g. IMRA and Fianium [16] have
also included fiber lasers based on ytterbium (yb) doped fibers in their assort-
ment. A major reason for this recent development of fiber lasers is that fiber
lasers can now be directly pumped by laser diodes. Combined with the huge
progress and technological development of high power diode lasers, this gives
a competitive edge compared to classical solid state lasers. Furthermore, the



1.3. PHOTONIC CRYSTAL FIBERS 3

development of double clad large mode area fibers for effective fiber ampli-
fiers makes it possible to up-convert the spectral brightness of the multi-mode
diode lasers, and thus realize high average power laser outputs with excellent
beam quality. A large contribution to this development of large mode area fibers
comes from the development of photonic crystal fibers.

1.3 Photonic Crystal Fibers

Photonic crystal fibers (PCFs) are fibers with a microstructured cross section.
Usually PCFs are based on a periodic arrangement of fused silica and air holes
running parallel to the propagation-axis of the fiber, but the term PCF also
covers fibers comprising other combinations of materials with different refrac-
tive indexes. A diagram of the cross section of a typical PCF is shown in fig-
ure 1.1 (left). PCFs were first proposed and demonstrated by Russell in 1996 [17].
The periodic modulation of the refractive index in a PCF can result in photonic
band gaps. This is similar to the creation of bandgaps in semiconductors be-
cause of the periodic arrangement of atoms in a lattice. In semiconductors, elec-
trons of certain energies are prohibited because of these bandgaps. In a PCF, it is
photons of certain wavelengths that are prohibited. A core in which light can be
guided can be created by introducing a defect into the periodic structure. Light
of certain wavelengths is then confined to this core if the surrounding structure
exhibits a bandgap at these wavelengths [18]. This class of fibers are know as
photonic bandgap (PBG) fibers.

Although PBGs have interesting features, of which some are explored in this
thesis, it is perhaps PCFs with a solid core which have had the largest impact
in the field of ultrafast optics so far. Solid core PCFs guide light similarly to
standard step index fibers, but the increased flexibility in design gives PCFs
some interesting properties over standard fibers. For example, if the scale of the
microstructure is comparable to the wavelength of the guided light, the diffrac-

Cladding

Core

Air
Silica

Core

Inner cladding

Air cladding

Figure 1.1: Left: Diagram of the cross section of a typical solid core standard
PCF. Right: Diagram of a double clad PCF.
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tion of the light penetrating into the cladding will play a dominant role on the
guiding properties of the fiber. In practice this results in a strong influence on
the dispersive properties of the fiber, and hence the dispersion of the fiber can
be tailored by designing the cladding properly. This property is used in small
core PCFs for supercontinuum generation. In chapter 8 and 9 different mode-
locked laser sources are investigated for supercontinuum generation in small
core PCFs. PBG fibers also exhibit very strong waveguide contributions to the
dispersion, and in chapter 5 the use of a PBG fiber inside a mode-locked laser is
investigated. PBG fibers with a hollow core exhibit very low nonlinearities, and
in chapter 5 a hollow core PBG fiber is also used for external pulse compression
after external amplification of the mode-locked laser.

It is possible to design single mode PCFs with much larger cores than step in-
dex fibers due to the large index difference between air and silica, and the design
freedom make the creation of e.g. double clad and/or polarization maintaining
(PM) fibers possible. A diagram of the cross section of a double clad PCF is
shown in figure 1.1 (right). In chapter 7 amplification of a mode-locked laser to
the micro-Joule level in a large core double clad PM PCF is demonstrated.

1.4 Challenges of mode-locked fiber laser systems

Although fiber lasers have many qualities making them superior to e.g. classi-
cal solid-state lasers, there are also many challenges which have to be overcome.
To utilize the full potential of fibers, several things have to be fulfilled. Besides
being able to produce comparable pulse energies, pulse durations and average
powers, the fiber laser system should also prove equally stable and reliable. Pri-
marily the fiber laser should be environmentally stable. Environmentally stable
means that the output from the laser is not susceptible to changing environmen-
tal conditions such as changing temperatures, air convection etc. In chapter 6,
8 and 9 different approaches of making environmentally stable mode-locked
lasers are presented. Furthermore, the fiber laser should preferably be imple-
mented with no sections of free space optics to make it as stable, compact and
cheap as possible. In chapter 9 a supercontinuum source is demonstrated which
has no sections of free space optics and is based on an environmentally stable
mode-locked laser.

Other important limitations in fiber lasers and amplifiers are the nonlineari-
ties affecting the pulse due to the tight confinement and long interaction lengths
in optical fibers. In chapter 7 amplification beyond the nonlinear limit without
strong pulse distortions is demonstrated.
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Outline of the thesis

In Chapter 2, the nonlinear Schrödinger equation is derived, and gives the the-
oretical background for pulse propagation in optical fibers.

In Chapter 3, a numerical model for fiber laser simulations is developed.

In Chapter 4, relevant characterization techniques for mode-locked lasers are
introduced.

Chapter 5 presents a mode-locked fiber laser using solid core photonic bandgap
fiber for intra cavity dispersion compensation.

Chapter 6 presents an environmentally stable mode-locked fiber laser generat-
ing parabolic pulses.

Chapter 7 introduces the theory of parabolic pulse amplification and presents
the direct amplification of parabolic pulses to power levels exceeding the non-
linear limit.

Chapter 8 presents a dispersion compensation free osciallator and setup for su-
percontinuum generation to high average powers.

Chapter 9 presents an environmentally stable low repetition rate mode-locked
fiber laser based on nonlinear polarization rotation.

Chapter 10 Summary and outlook.
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CHAPTER 2

The Nonlinear Schrödinger
Equation

In this chapter, the nonlinear Schrödinger equation (NLSE) will be derived. This
equation is fundamental for the understanding of pulse propagation in optical
fibers. It forms the theoretical basis for chapter 3, where the numerical model
used for fiber laser simulations is introduced. Simplified analytical limits are
also given at the end of this chapter to introduce different concepts of pulse
propagation.
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2.1 Introduction

An intriguing property of light is that it can be modeled well, and its interaction
with the surroundings calculated with great accuracy. One of the most accurate
models in physics describing the world around us, is Maxwell’s well known
equations for electromagnetic radiation. With this tool at hand, many systems
involving light can in principle be modeled exactly. However, the complexity of
the system is often a limiting factor and approximations have to be introduced
to obtain either simpler analytical equations or numerical calculated results that
converge in finite time. The successful development and massive progress in
the field of laser and fiber optics is in part due to the accuracy of even sim-
ple models, and the ability to predict results for complex systems, such as e.g.
mode-locked lasers.

Nonlinear pulse propagation in optical fibers can be accurately modeled by
one or more coupled partial differential equations which, for historical reasons,
are called the nonlinear Schrödinger equations (NLSE) (Not related to the quan-
tum mechanical Schrödinger equation). The NLSE have been applied in fiber
optics since the beginning of the eighties, where it was used to describe Mol-
lenauer’s first experimental observations of solitons in optical fibers [19]. The
NLSE have also been applied in numerous other fields [1, 20–22]. Today it is
used extensively to model pulse propagation in optical fibers [1, 23–32]. As will
be evident throughout this thesis, the development of new mode-locked fiber
lasers requires numerical models, and most experimental results obtained here,
have been accompanied by numerical calculations both prior, during and sub-
sequent to the experiments. Furthermore, both the analytical and numerical
theory have been crucial to the initial understanding of the complicated mecha-
nisms acting inside fiber lasers.

2.2 The nonlinear Schrödinger equation

The NLSE comes in a variety of different forms, depending on which approxi-
mations are appropriate. The starting point of this derivation is the wave equa-
tion, as obtained from Maxwell’s equations with no source terms and under the
assumption (∇ · E = 0) [1]:

∇2E(r, t) =
1

c2

∂2

∂t2
E(r, t) + µ0

∂2

∂t2
P(r, t). (2.1)

E(r, t) is the electric field and P(r, t) the induced polarization. In linear media,
the induced polarization is assumed to be proportional to the electric field, but
in optical fibers, where the peak intensity of especially short pulses can be very
high, this assumption is no longer valid, and higher order terms have to be
included. The induced polarization can, however, be written as a sum of linear
and nonlinear contributions:

P = PL + PNL = ε0χ
(1) : E + ε0χ

(2) : EE + ε0χ
(3) : EEE + ..., (2.2)
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where χ(1) is the linear, and χ(n), n > 1 the nonlinear susceptibilities, and χ(3) :
EEE denotes a tensor product, where all possible combinations of products be-
tween different polarizations are implicit as well as the integration over all times.
The real part of χ(1) relates to linear phase changes (and to the real part of the re-
fractive index of the material), and the imaginary part to linear losses and gains.
The real part of χ(2) is responsible for second harmonic generation, but due to
inversion symmetry in the amorphous SiO2 [33] all even terms disappears, and
hence χ(3) is the only significant nonlinear term. χ(3) relates to a variety of differ-
ent nonlinear phenomena. In optical fibers χ(3) originates from the interaction
of the light with the electrons of the medium (Kerr nonlinearity) and with the
optical phonons (Raman scattering).

The equations are significantly simplified if initially the electric field is as-
sumed to be only linearly polarized and the fast oscillating parts is separated
out:

E(r, t) =
1

2
x̂[E(r, t) exp(−iω0t) + c.c.]. (2.3)

ω0 is the carrier or central frequency. The equation can now be Fourier trans-
formed to frequency space, using the following convention for the Fourier trans-
forms:

E(r, ω) =

∫ ∞

−∞

exp(i(ω − ω0)t)E(r, t)dt = FT{E(r, t)} (2.4)

E(r, t) =
1

2π

∫ ∞

−∞

exp(−i(ω − ω0)t)E(r, ω)dω = FT−1{E(r, ω)}. (2.5)

The presence of ω0 inside of the Fourier transform is simply a consequence of
E(r, t) being slowly varying with respect to t. In frequency space the temporal
convolution integral with χ(1)(t − t1) is replaced by a simple multiplication.
Time derivatives are replaced by: ∂

∂t → −iω, ∂2

∂t2 → −ω2, when working on
E(r, t) exp(−iω0t). On the right hand side, ∂2

∂t2 PNL exp(−iω0t) is approximated
with exp(−iω0t)(−ω2

0−iω0
∂
∂t )PNL and hence equation 2.1 can be translated into

a modified Helmholtz equation:

∇2E(r, ω) + ε(ω)
ω2

c2
E(r, ω) = −µ0ω

2
0FT{(1 +

i

ω0

∂

∂t
)PNL(r, t)}, (2.6)

where ε(ω) = 1 + χ(1)(ω), and where χ(1)(ω) is the Fourier transform of χ(1)(t−
t1). PNL(r, t) is the slowly varying induced polarization defined similarly to
equation 2.3. By assuming weak coupling between the transverse and longitu-
dinal degrees of freedom through the nonlinearity, the slowly varying part of the
electric field, E(r, ω), can, to a good approximation, be separated into a product
of a function with longitudinal dependence, A(z, ω) exp(iβ0z), and a function
with transversal dependence, F (x, y, ω):

E(r, ω) = F (x, y, ω) · A(z, ω) · exp(iβ0z), (2.7)
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where A(z, ω) can further be assumed to be a slowly varying function of z un-
der the Slowly Varying Envelope approximation (SVEA). F (x, y, ω) is assumed
to be normalized:

∫∞

−∞ dxdyF (x, y, ω) = 1. An important assumption for the
derivation of the NLSE is that F (x, y, ω) is independent of ω so that it can be
moved outside the Fourier transform:

E(r, t) = FT−1{F (x, y, ω) · A(z, ω) · exp(iβ0z)} (2.8)
= F (x, y) · exp(iβ0z) ·A(z, t), (2.9)

where A(z, t) = FT−1{A(z, ω)}. This assumption corresponds to the assumption
of a wavelength independent mode-field diameter (MFD). However, the MFD
may vary considerably on a wavelength scale of ∼ 100 nm. Hence this assump-
tion is reasonable only for pulse widths smaller than this. β0 is the wave number,
chosen so that: β0 ≡ β(ω0), where β(ω) is found below. The Helmholtz equa-
tion, equation 2.6, can then be separated into equations of independent trans-
verse and longitudinal parts:

(
∂2

∂x2
+

∂2

∂y2
)F (x, y) + ε(ω)

ω2

c2
F (x, y) = β2F (x, y) (2.10)

F (x, y)(2iβ0
∂

∂z
+ 2β0(β − β0))A(z, ω) =

µ0ω
2
0FT{(1 +

i

ω0

∂

∂t
)PNL(r, t)}, (2.11)

where the SVEA approximation was used to neglect a second derivative term:
∂2

∂z2 A(z, ω), and (β2 − β2
0) was approximated with 2β0(β − β0) in equation 2.11.

Both these approximations are justified as long as ω − ω0 << ω [1]. In equation
2.10 β = β(ω) is the eigenvalue and F (x, y) the eigenfunctions of the transverse
field distribution, which have to be found for a given fiber geometry and fiber
characteristics. F (x, y) is usually refered to as modes. For step-index fibers
F (x, y) is a superposition of Bessel and Neuman functions. However, for most
single mode fibers a Gaussian approximation of F (x, y) is adequate. A fiber is
called multi mode if more than one solution to equation 2.10 exists, but as only
single mode fibers are treated in this thesis, the NLSE will only be derived for
this case. Higher order transverse modes are usually unwanted in fiber optics
and especially when short pulses are involved. They can lower the brightness,
and lead to pulse break up due to different propagation velocities of the different
modes. The waveguide contribution to the propagation constant, β(ω), also
enters through equation 2.10.

In most dielectric materials, and also in optical fibers, the real part of ε(ω)
dominates and even in high loss and high gain fibers, the imaginary part is only
a small perturbation. Hence, the (real) refractive index, n, can be introduced as:

ε(ω) = (n(ω) + ∆n(ω))2 ≈ n(ω)2 + 2n(ω)∆n(ω), (2.12)
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where the imaginary part is included as a small perturbation in ∆n(ω):

∆n(ω) =
i(α(ω)− g(ω))c

2ω
. (2.13)

α(ω) represents the linear power loss and g(ω) the linear power gain (in units
of m−1). In first-order perturbation theory ∆n(ω) does not affect the transverse
field distribution, F (x, y), but only the eigenvalues. Hence β(ω) in equation 2.11
is replaced with β(ω) + ∆β(ω), where:

∆β(ω) =
ω

c

∫ ∫

∆n(ω)|F (x, y)|2dxdy

= i
α(ω)

2
− i

g(ω)

2
. (2.14)

The induced nonlinear polarization can be approximated by:

PNL(r, t) = −ε02n2n(ω0)E(r, t)

∫ ∞

−∞

R(t− t1)|E(r, t1)|2dt1 (2.15)

where only terms oscillating with ω0 have been maintained. Terms oscillating
with 3ω0 have been neglected, as these correspond to third harmonic generation
and require phase matching which is usually not present in the fiber. Equiva-
lently one could say, that these terms oscillate so fast compared to the slowly
varying terms, that their contributions average out. The nonlinear refractive in-
dex, n2, has been introduced. n2 is proportional to the real part of χ(3), and
if A(z, ω) is chosen to be normalized to units of W1/2, n2 is in the order of
2 − 3 · 10−20 m2/W in standard silica fibers, depending on the doping [1]. The
imaginary part of χ(3) relates to two photon absorption and emission, and is also
negligible. R(t− t1) is the nonlinear response function normalized in a manner
similar to the delta function, i.e.,

∫∞

−∞
R(t − t1)dt1 = 1. If only the interactions

with the electrons are included, R(t − t1) can be approximated by a delta func-
tion, δ(t− t1), as the electronic response of the material is almost instantaneous.
This approximation is valid in the limit where the pulse spectrum corresponds
to a transform limited pulse with a duration above ∼ 1 ps [1]. In short mode-
locked fiber lasers, this is also a reasonable assumption as stimulated Raman
scattering is usually not present in the output, but as shown in chapter 9 this is
not always the case. Also, if soliton dynamics are involved inside the laser, the
Raman contribution to χ(3) is highly relevant, as especially a soliton can experi-
ence a significant red shift over a short length of fiber due to this effect [1, 34].
With these assumptions, the NLSE in frequency domain can now be derived:

2.2.1 The nonlinear Schrödinger equation in frequency domain

Using again the approximation of equation 2.9, the transverse dependence of
equation 2.11 can be integrated out by multiplying with F ∗(x, y), and integrat-
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ing over x and y:

∂

∂z
A(z, ω) = i(β − β0)A(z, ω)− α(ω)

2
A(z, ω) +

g(ω)

2
A(z, ω)

+iγFT{(1 +
i

ω0

∂

∂t
)A(z, t)

∫ ∞

−∞

R(t− t1)|A(z, t1)|2dt1}, (2.16)

where the nonlinear coefficient, γ = ω0n2

cAeff
, has been introduced, and where:

Aeff =
1

∫ ∫

dxdy|F (x, y)|4 (2.17)

is the effective area of the fiber. Equation 2.16 is the NLSE in frequency space in-
cluding the self-steepening and shock formation term, i

ω0

∂
∂t , and the full Raman

integral. If the self-steepening term is neglected, and R(t− t1) approximated by
a delta function, the NLSE in frequency domain reduces to:

∂

∂z
A(z, ω) = iβ(ω)′A(z, ω)− α(ω)

2
A(z, ω) +

g(ω)

2
A(z, ω)

+iγFT{|A(z, t)|2A(z, t)}. (2.18)

where A(z, t) = FT−1{A(z, ω)}, and where the propagation has been expanded
in a Taylor series:

β(ω)′ =
n(ω)ω

c
− β0(ω0)− β1(ω0)(ω − ω0)

=
∑

m>1

1

m!
βm(ω − ω0)

m; βm =
∂mβ

∂ωm

∣

∣

∣

ω=ω0

=
1

2
β2(ω0)(ω − ω0)

2 +
1

6
β3(ω0)(ω − ω0)

3 + ... (2.19)

The β1 term has furthermore been subtracted in order to retain a frame of ref-
erence moving with the pulse (with the velocity 1/β1). β(ω)′ includes effects
of group velocity dispersion, β2, and higher order dispersion, βm>2. The coef-
ficients, β(ω)′, α(ω) and g(ω) can all be measured and γ calculated (see below
(subsection 2.2.3)). Equation 2.18 is hence in a form, which can be integrated
numerically using experimental parameters. A method to measure β(ω)′ is pre-
sented in chapter 4. Equation 2.18 was derived under the primary assumptions,
that only a single polarization state is present, and that Raman nonlinearities
could be neglected. It has been used for the calculations of oscillators and am-
plifiers in chapters 5-7.

2.2.2 The nonlinear Schrödinger equation in time domain:

The NLSE is usually presented in the time domain, and in the time domain
(ω−ω0) is replaced with i ∂

∂t , and (ω−ω0)
2 with− ∂2

∂t2 . The time domain version
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of the NLSE can now be found by simply Fourier transforming equation 2.18:

∂

∂z
A(z, t) = −i

β2

2

∂2

∂t2
A(z, t)− α0

2
A(z, t) +

g0

2
A(z, t)

+iγ|A(z, t)|2A(z, t), (2.20)

where a constant linear loss and gain is assumed, and only the group velocity
dispersion term included.

2.2.3 Nonlinearities
The nonlinear coefficient, γ = ω0n2

cAeff
in equations 2.18 and 2.20, can be calculated,

when the radial field distribution is know. For most step-index fibers a Gaussian
radial dependence with a mode-field diameter (MFD), w, is set equal to the core
diameter of the fiber, is a very good approximation for the field distribution [1].
The effective area of the fiber then reduces to: Aeff = π(w/2)2, and from this γ
can be calculated.

If the full Raman integral has to be included, the response function, R(t −
t1) should include both the electronic and vibrational (Raman) contributions:
R(t − t1) = (1 − fR)δ(t − t1) + fRhR(t − t1), where fR ≈ 0.18 is the fractional
contribution of the delayed Raman response [1]. hR(t− t1) can be approximated
by the analytical function:

hR(t− t1) =
τ2
1 + τ2

2

τ1τ2
2

exp(−(t− t1)/τ2) sin((t− t1)/τ1); t1 <= t, (2.21)

and hR(t − t1) = 0 for t1 > t. Appropriate constants are τ1 = 12.2 fs and
τ2 = 32 fs [1]. With this approximation for the Raman integral, the NLSE in
equation 2.16 is now also suitable for numerical calculations.

2.2.4 Two polarization states
If more than one polarization state is present in the fiber (or equivalently if the
laser light is not linearly polarized), the assumption (equation 2.3) leading to
equations 2.16 and 2.18 has to be relaxed. Equation 2.3 is replaced with:

E(r, t) =
1

2
[(x̂Ex + ŷEy) exp(−iω0t) + c.c.], (2.22)

and equivalently for the nonlinear induced polarization. Collecting terms of
same polarization state, and retaining only terms with exp(−iω0) dependence,
the x and y component of the nonlinear induced polarization are given by:

PNL,x(r, t) = −ε02n2n(ω0)[(|Ex|2 +
2

3
|Ey|2)Ex +

1

3
(E∗xEy)Ey ] (2.23)

PNL,y(r, t) = −ε02n2n(ω0)[(|Ey |2 +
2

3
|Ex|2)Ey +

1

3
(E∗yEx)Ex]. (2.24)
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Here the response function, R(t− t1), has also been approximated with a delta
function. Two coupled equations for the slowly varying parts of Ex and Ey can
now be derived in a similar manner as above:

∂

∂z
Ax(ω) = iβ(ω)′Ax(ω) + i

∆β1

2
(ω − ω0)Ax(ω)− α(ω)

2
Ax(ω) +

g(ω)

2
Ax(ω)

+iγFT{(|Ax(t)|2 +
2

3
|Ay(t)|2)Ax(t) +

i

3
Ax(t)∗Ay(t)2 exp(−2i∆β0z)} (2.25)

∂

∂z
Ay(ω) = iβ(ω)′Ay(ω)− i

∆β1

2
(ω − ω0)Ay(ω)− α(ω)

2
Ay(ω) +

g(ω)

2
Ay(ω)

+iγFT{(|Ay(t)|2 +
2

3
|Ax(t)|2)Ay(t) +

i

3
Ay(t)∗Ax(t)2 exp(2i∆β0z)}, (2.26)

where ∆β0 = β0,x − β0,y = ω
c ∆n. and where ∆β1 = β1,x − β1,y =

∆ng

c . ∆n
is the (phase) birefringence of the fiber, and ∆ng is the group birefringence. In
chapter 4 a method to measure the group birefringence is introduced. A frame
of reference moving at the average velocity 2/(β1,x +β1,y) have been chosen (in-
formation contained in the terms ±i∆β1

2 ), and hence the x polarized field moves
with a relative velocity of 2/∆β1 compared to the frame of reference, and the y
polarized field moves with a relative velocity of−2/∆β1. The coefficients, β(ω)′,
α(ω) and g(ω) can usually be assumed to be polarization independent. The in-
teraction between the two different polarization states (and hence the difference
to two separate NLSE for a single polarization state) is in the nonlinear term.

Two limits are interesting in this thesis: Highly birefringent fibers and non-
birefringent fibers. For the later case, ∆β0 = 0 and ∆β1 = 0. To eliminate the
A∗xA2

y and A∗yA2
x terms in equations 2.25 and 2.26, the polarization representa-

tion can be changed from linear to circular, by introducing:

A+ = (Ax + iAy)/
√

2, A− = (Ax − iAy)/
√

2. (2.27)

Equations 2.25 and 2.26 then reduce to:

∂

∂z
A+(ω) = iβ(ω)′A+(ω)− α(ω)

2
A+(ω) +

g(ω)

2
A+(ω)

+i
2γ

3
FT{(|A+(t)|2 + 2|A−(t)|2)A+(t)} (2.28)

∂

∂z
A−(ω) = iβ(ω)′A−(ω)− α(ω)

2
A−(ω) +

g(ω)

2
A−(ω)

+i
2γ

3
FT{(|A−(t)|2 + 2|A+(t)|2)A−(t)}. (2.29)

In the high birefringence case, the exp(−2i∆β0z) and exp(2i∆β0z) terms oscil-
late so rapidly, that they can be neglected. It is hence most favourable to remain
the linear polarization representation. Although the equations are solved in the
frequency domain, for clarity, the time domain version of equations 2.25-2.29
are:
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High birefringence approximation:

∂Ax

∂z
= −∆β1

2

∂Ax

∂t
− i

β2

2

∂2Ax

∂t2
+

β3

3

∂3Ax

∂t3

+ iγ(|Ax|2 +
2

3
|Ay|2)Ax + (

g0

2
− α0

2
)Ax (2.30)

∂Ay

∂z
= +

∆β1

2

∂Ay

∂t
− i

β2

2

∂2Ay

∂t2
+

β3

3

∂3Ay

∂t3

+ iγ(|Ay|2 +
2

3
|Ax|2)Ay + (

g0

2
− α0

2
)Ay , (2.31)

Non-birefringence approximation:

∂A+

∂z
= −i

β2

2

∂2A+

∂t2
+

β3

3

∂3A+

∂t3
+ i

∆β

2
A−

+ iγ
2

3
(|A+|2 + 2|A−|2)A+ + (

g0

2
− α0

2
)A+ (2.32)

∂A−
∂z

= −i
β2

2

∂2A−
∂t2

+
β3

3

∂3A−
∂t3

+ i
∆β

2
A+

+ iγ
2

3
(|A−|2 + 2|A+|2)A− + (

g0

2
− α0

2
)A−, (2.33)

A NLSE for two polarization directions is used in the model of the laser
presented in chapter 9, and the two limits are relevant for modeling nonlin-
ear polarization rotation (see below (subsection 2.3.3)) in polarization maintain-
ing (PM) fibers (High-birefringence approximation) and non-PM fibers (Non-
birefringence approximation). In the derivation of the NLSE for the two polari-
zation directions, Raman contributions were not included in the nonlinearities.
A NLSE for two polarization directions and with the inclusion of the Raman
terms can be found in references [35–40], and information about the coefficients
in reference [41].

2.3 Analytical solutions

To understand the physics behind the NLSE, it is beneficial to look at some lim-
iting cases, which can be calculated analytically.

2.3.1 Dispersion

To illustrate the effects of dispersion on a pulse, a simple analytical calculation
can be done if all other terms but the group velocity dispersion are neglected:

∂

∂z
A(z, ω) = i

β2

2
(ω − ω0)

2A(z, ω),
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For an initial Gaussian pulse with no chirp and FWHM temporal duration, t0,
the field can be written as:

A(0, t) = A0 exp
(

− 2 ln(2)
( t

t0

)2)

(2.34)

After propagation through a fiber of length, L, and with group velocity dis-
persion, β2, the output can analytically be calculated to be a chirped Gaussian
pulse:

A(L, t) = A0 exp
(

− 2 ln(2)
1 + iC

1 + C2

( t

t0

)2)

, (2.35)

where the C is given by: C = 2β2L
2 ln(2)

t2
2

. The chirp of the pulse, c(t) = − ∂φ
∂t ,

where φ is the phase, is then given by c(t) = 4 ln(2)Ct/t20, and is linear in t. The
FWHM temporal pulse duration has now increased to:

√
1 + C2t0. Spectrally

nothing has happened (to the power spectrum), as only a quadratic phase has
been added:

A(L, ω) = exp(i
β2

2
L(ω − ω0)

2)A(0, ω),

2.3.2 Self-phase modulation
If nonlinearities are also present, the pulse also obtains a intensity dependent
and hence nonlinear phase. This is referred to as self-phase modulation (SPM).
To illustrate the effects of SPM, all other terms are again neglected:

∂

∂z
A(z, t) = iγ|A(z, t)|2A(z, t).

This equation can also be integrated analytically to give:

A(L, t) = exp(iγL|A(0, t)|2)A(0, t).

If the initial pulse is again assumed to be an unchirped Gaussian pulse (equa-
tion 2.34), then the chirp of the pulse has a nonlinear temporal dependence, and
whereas nothing has happened to the temporal shape of the pulse, the spectrum
is now no longer Gaussian, but has spectrally broadened. Figure 2.1 shows the
pure SPM spectral broadening of a 100 fs Gaussian pulse centered at 1030 nm.
As shown in chapter 6 and 7, a special class of pulses (parabolic pulses), only ac-
quires a linear chirp in the presence of nonlinearities, and interesting properties
of parabolic pulses are investigated in these chapters.

2.3.3 Nonlinear polarization rotation
If a general elliptically polarized pulse is launched into a fiber where nonlinear-
ities are present, it will experience a nonlinear polarization rotation (NPR). To
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Figure 2.1: Pure SPM spectral broadening of a 100 fs Gaussian pulse centered at
1030 nm. The spectra are calculated at peak nonlinear phase shifts of 0, 2, 4 and
6 π.

illustrate this, only the nonlinear terms of the NLSE for two polarization direc-
tions and in the non-birefringence approximation are maintained and all other
terms neglected:

∂A+

∂z
= iγ

2

3
(|A+|2 + 2|A−|2)A+

∂A−
∂z

= iγ
2

3
(|A−|2 + 2|A+|2)A−.

These equations can also be integrated analytically to yield:

[ A+(L)
A−(L)

]

= exp(i
1

2
(Φ+ + Φ−))

[ cos(Φ+−Φ
−

2 ) − sin(Φ+−Φ
−

2 )

sin(Φ+−Φ
−

2 ) cos(Φ+−Φ
−

2 )

][ A+(0)
A−(0)

]

,

where:

Φ+ =
2

3
γ(|A+(0)|2 + 2|A−(0)|2) (2.36)

Φ− =
2

3
γ(|A−(0)|2 + 2|A+(0)|2) (2.37)

Φ+ − Φ− =
2

3
γ(|A−(0)|2 − |A+(0)|2), (2.38)

and hence the polarization state rotates with an angle of (Φ+ − Φ−)/2. Notice
that this angle is zero if the light is initially linearly polarized, as |A−(0)|2 =
|A+(0)|2, and hence Φ+ − Φ− = 0. Also if the light is circular polarized, the
polarization state is maintained.
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2.3.4 Soliton

The soliton plays an important role in many areas of fiber optics, and as solitons
are mentioned several times in this thesis, its analytical form is given here. The
fundamental soliton is a solution of the simple NLSE:

∂

∂z
A(z, t) = −i

β2

2

∂2

∂t2
A(z, t) + iγ|A(z, t)|2A(z, t),

which preserves both its temporal and spectral shape, as it propagates in the
fiber. The fundamental soliton is found in the anomalous dispersion regime
(β2 < 0), and is characterized by a very characteristic sech shape:

|A(z, t)| =
( |β2|

γt20

)1/2

sech
( t

t0

)

,

and occurs when nonlinearities are exactly balanced by dispersion in the fiber.

2.3.5 Stimulated Raman Scattering

The Raman integral in the NLSE originates from inelastic scattering on the opti-
cal phonons in the fiber. On the creation of an optical phonon, the photon energy
is reduced, and hence the wavelength of the photon increases. This effect effec-
tively corresponds to a gain on the red side of the pulse, and the peak of this
Raman gain is centered at about 13.2 THz from the central wavelength of the
pulse. Starting from noise a new pulse will start to build up at this wavelength,
and will eventually drain most of the energy from the original pulse. This is
referred to as Stimulated Raman Scattering (SRS). The created pulse, called the
1th Stokes pulse will, when its peak power has increased sufficiently, start to
create a new pulse, called the 2nd Stokes pulse, and so on. Chapter 9 presents a
nice example of SRS. As the onset of SRS is a stochastic process, which depends
on the peak power, fiber length, linear losses, etc., a threshold peak power can
be calculated below which SRS can be neglected [1]:

P th
peak =

16Aeff

gRL

αL

1− e−αL
.

Aeff is the effective area of the fiber, gR, is the peak Raman-gain (gR ≈ 10−13 m/W),
α is the power loss per unit length and L is the length of the fiber.

In anomalous dispersive fibers where a soliton can be created, the mecha-
nisms creating the soliton will try to maintain the solitonic shape of the pulse
even in the presence of the Raman gain. The result is a soliton which grad-
ually redshifts toward higher wavelengths instead of generating a 1th stokes
pulse [1, 34]. As the soliton gradually looses energy, it compensates by chang-
ing its width, while maintaining its sech shape.
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2.4 Numerical algorithm

To reduce computational workload it is worth noticing that dω in the Fourier
integral in equation 2.5 without loss of generality can be replaced by d(ω − ω0),
and hence a new variable, ω1 = ω − ω0 can be introduced. Equations 2.4 and
2.5 are now mathematically on the standard Fourier integral form, and standard
fast Fourier algorithms can be used. All fields in the frequency space can now
be centered at ω1 = 0, and restricted to the range where the pulse spectrum
exists. Equivalently, the fields in the temporal space can be centered at t = 0,
and extended only to a range containing the temporal pulse.
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CHAPTER 3

Simulation of fiber lasers

A numerical model for fiber laser simulations is presented. The model is based
on the nonlinear Schrödinger equation (NLSE) which was derived in chapter 2.
The model further comprises effects of saturable gain, nonlinear losses and cav-
ity losses in general, which are described in this chapter. The cavity is modeled
as a sequence of different elements. In the simulations, a pulse is iterated from
noise over many round trips until a steady solution is reached.
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3.1 Introduction

The theory behind mode-locked lasers is well established. For classical solid
state and dye lasers advanced analytical theories exists, and the master equa-
tion developed by Haus is perhaps one of the most successful models describing
many types of mode-locked lasers [10, 42–46]. However, as the analytical theory
is based on a linearization of the effect of all cavity elements on the pulse, the
theory is only adequate if these effects are weak on each pass. In fiber lasers in
general, and for the lasers in this thesis in particular, this is not the case, and
hence more advance models based on numerical calculations have to be used.
The models used in this thesis is based on solving the NLSE numerically. There
are however additional effects which have to be included for adequate descrip-
tions of a mode-locked fiber laser. First of all, a more advanced description of the
gain medium is needed. Second, a model of the mode-locking mechanism has
to be included, and finally cavity losses also has to be taken into account. These
effects are described below, before an outline of a laser simulation is given. As
an example simulations of an 80 MHz mode-locked fiber laser are presented.

3.2 Gain medium

The linear gain factor, g(ω), in the NLSE represents a small signal gain and, if
g(ω) is constant as function of z, the power increases exponentially as exp(gz).
However in real fibers, where a gain can be introduced by doping the fiber with
appropriate optical active atoms, like e.g. rare earth atoms (Erbium, Ytterbium,
Thulium, Neodymium, etc.), and by creating a population inversion by means
of optical pumping, the gain experienced by a pulse depends on the intensity
of the pulse. At increasing pulse intensities, the gain saturates. As the pulse
duration as well as the round trip time is usually much shorter than the relax-
ation time of the excited states in the rare earth atoms, the population inver-
sion in steady state operation only saturates as function of the average power
of the pulse train. The lifetime of the excited state is ∼ 10 ms in erbium and
∼ 1 ms in ytterbium. If the fiber is pumped from one end, this further cre-
ates a nonuniform distribution of population inversion in the fiber due to the
gradual absorption of the pump light. This nonuniform population inversion
can be calculated using rate equations for the average power distribution in the
fiber [47–52]. However, to simplify the numerical model and reduce computa-
tion time, this z dependence can to a good approximation be neglected if the
doped fiber is really short. Hence the gain can be modeled by replacing:

g(ω)/2→ g(ω)/2

1 + Pave(z)
Psat

, (3.1)

where Psat is the saturation power and Pave is the average power of the pulse
train in the doped fiber. In linear cavities, the signal power enters the gain
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medium from both sides, and hence the average power in the gain medium
should be calculated as:

Pave(z) = frep

∫ TR/2

−TR/2

|A(z, t)|2dt + P←ave(z) (3.2)

where frep is the repetition rate and TR = 1/frep the round trip time. P←ave(z)
is the average power of the signal propagating in the opposite direction of the
doped fiber. The inclusion of the average power from the signal propagating
in the opposite direction is especially important if the gain fiber is located in a
fiber laser where the loss on one side of the gain medium is much larger than
on the other side. This is the case in many of the oscillators presented in this
thesis. The result is a smaller amplification of the signal coming from the high
loss side, due to saturation of the gain medium from the signal coming from the
low loss side.

3.2.1 Ytterbium

All fiber lasers presented in this thesis are based on ytterbium doped fibers as
the gain medium. Ytterbium has a very simple structure, and can be described
as a 2 level system (see figure 3.1 (right)), where there is no excited state ab-
sorption of neither the pump nor the laser wavelengths [47, 51]. Figure 3.1 (left)
shows the absorption and emission cross sections of ytterbium.
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Figure 3.1: Left: The absorption and emission cross section for Yb3+-doped silica
[51]. Right: Energy band diagrams of ytterbium. (σpa, σpe, σsa, σse: pump and
signal absorption and emission cross sections respectively.)

There are several reasons why ytterbium is an ideal candidate for mode-
locked fiber lasers. Ytterbium has a high absorption at 976 nm, and for this
wavelength there have been a large development of both single mode fiber
pigtailed diode pump lasers and high power diode pump lasers (Single mode
pump lasers at 976 nm have primarily been developed for use with Erbium in
the telecommunication industry). Ytterbium further has a high quantum effi-
ciency (∼ 95 %), as the lasing band is very close to the pump wavelength. Very
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high doping concentrations are possible in ytterbium doped fibers, enabling
very high single pass gains and high slope efficiencies (proportionality factor
between output power and pump power) of up to ∼ 80 %. This simplifies real-
izations of high efficiency fiber amplifiers [53], [VI], and hence necessary pulse
energies and average powers for most applications are more easily reached with
ytterbium based fiber laser systems. As seen in figure 3.1 (left), the emission
band is also very broad and is hence cable of supporting very short pulses [54].
The gain of an ytterbium doped fiber can be well modeled by a Gaussian func-
tion with FWHM of ∼40 nm and with a central wavelength at 1030 nm.

3.3 Mode-locking mechanisms

Beside the ability to model dispersion, gain, losses, nonlinearities, etc. in fibers,
one important component is still missing to model mode-locked lasers. This
is the nonlinear component used to make mode-locked lasing more favourable
than cw lasing. For a laser to favour lasing in a mode with short pulses, an
element or a combination of elements have to be present in the cavity, which
introduces a higher loss at low power, so that a short pulse with higher peak
power experiences a lower loss.

3.3.1 Nonlinear polarization rotation

One widely used possibility is to use nonlinear polarization rotation (NPR) in
conjunction with a polarizer [10, 24, 42, 54–59]. By controlling the polarization
state into a fiber with e.g. a set of wave-plates, the transmission through a po-
larizer on the other side of the fiber will be power dependent, and hence by
proper adjustment of the wave-plates, an increasing transmission at increasing
peak powers can be obtained. The laser presented in chapter 9 is based on this
principle.

3.3.2 SESAM

Another possibility is to use a SESAM (Semiconductor Saturable Absorber Mir-
ror). SESAMs are now both commercially available (see e.g. [60]) and funda-
mental in commercially available mode-locked fiber lasers (see e.g. [15, 16]). Al-
though other mode-locking mechanisms have been investigated for fiber lasers
[61–63], the most frequently researched mechanisms are NPR and SESAMs.
The mode-locked lasers presented in chapters 5-8 are based on SESAM mode-
locking.

A SESAM consists of a Bragg-mirror on a semiconductor wafer like GaAs, in-
corporating materials with an intensity dependent absorption. The saturable ab-
sorber layer consists of a semiconductor material with a direct band gap slightly
lower than the photon energy [60]. Often GaAs/AlAs is used for the Bragg mir-
rors and InGaAs Quantum Wells for the saturable absorber material. During
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the absorption electron-hole pairs are created in the film. As the number of
photons increases, more electrons are excited, but as only a finite number of
electron-hole pairs can be created, the absorption saturates. The electron-hole
pairs recombined non-radiatively, and are after a certain period of time again
ready to absorb photons.

Key parameters of the SESAM when designing mode-locked lasers are the
recovery time of the SESAM, the modulation depth, the bandwidth, the satura-
tion intensity and the non-saturable losses.

Generally the Bragg stack can be chosen to be either anti-resonant or reso-
nant. SESAMs based on resonant Bragg stacks can have quite large modulation
depths, but with the limited bandwidth of the resonant structure. Anti-resonant
SESAMs can have quite large bandwidths (e.g. ∼ 100 nm), but at the expense
of a smaller modulation depth. A larger modulation depth can be obtained
from an anti-resonant design at the expense of higher unsaturable losses. In
solid state lasers where the single pass gain is low, the unsaturable losses of the
SESAM must also remain low, but in fiber lasers where the single pass gain is
much higher, unsaturable losses are less important.

The recovery time should ideally be as small as possible. Recovery times of
same orders of magnitude as the pulse duration will cause asymmetric spectra
if the pulse is chirped at the impact with the SESAM, and hence strongly affect
the pulse dynamics inside the cavity. Even larger recovery times can limit the
obtainable pulse duration from the laser. Because the relaxation time due to the
spontaneous photon emission in a semiconductor is about 1 ns [60], some pre-
cautions have to be taken to shorten it drastically. Two technologies are used to
introduce lattice defects in the absorber layer for fast non-radiative relaxation
of the carriers: low-temperature molecular beam epitaxy (LT-MBE) and ion im-
plantation. The relaxation time can be adjusted by adjusting the growth temper-
ature in case of LT-MBE and the ion dose in case of ion implantation. SESAMs
have been known to exhibit a bi-temporal recovery time [64] with the shortest
time in the picosecond or sub-picosecond range. A bi-temporal recovery time
is ideal for mode-locked lasers, because the short recovery time enables short
pulses and the longer recovery time is needed to initiate mode-locking.

For a more extensive overview of SESAMs see e.g. [60, 65, 66] and for an
extensive theoretical and analytical analysis of mode-locking of solid-state and
dye lasers with saturable absorbers see e.g. [10, 43, 67, 68].

For fast saturable absorbers with recovery times much faster than the pulse
length, the reflection can be modeled by:

q(t) =
q0

1 + |A(t)|2

PSA

, (3.3)

where q0 is the non-saturated but saturable loss, PSA = ESA/τSA the satura-
tion power, ESA the saturation energy and τSA the recovery time. For SESAMs
where the recovery time is of the order of the pulse length or more, a more ap-
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propriate model of the SESAM is [10, 67]:

∂

∂t
q(t) = −q − q0

τSA
− q
|A(t)|2
ESA

. (3.4)

In the limit where τSA → 0 equation 3.4 approaches equation 3.3. The differen-
tial equation in equation 3.4 can be numerically integrated to give q(t), and from
q(t) the reflection from the SESAM can be calculated as:

R(t) = 1− q(t)− l0, (3.5)

where l0 is the linear unsaturable loss. Reflection of the slowly varying elec-
tric field can then be calculated as A(t)

√

R(t). The saturation energy can be
calculated as the product of the saturation fluence and the effective area on the
SESAM. The saturation energy can therefore be decreased by focusing harder
on the SESAM.

A general tendency of lasers mode-locked with saturable absorbers of finite
recovery times is that the laser may tend to Q-switch mode-lock (i.e. emit a
mode-locked pulse train which is highly amplitude modulated on a nanosecond
time scale and hence resemble a nanosecond pulse with a mode-locked pulse
train underneath the pulse envelope) [68]. The theory derived in reference [68]
is quite general but has to be modified for fiber lasers (see e.g. reference [69] for
modifications to the theory for a fiber laser working in the soliton regime). The
tendency to Q-switch mode-lock is increased if the modulation depth is high.
To avoid Q-switched mode-locking, the spot size on the SESAM can either be
decreased, or the intra cavity average power increased (by either decreasing the
output coupling or by increasing the pump power). However, the limit is set
by the damage threshold of the SESAM. If the peak intensity of the pulse is in-
creased above the damage threshold of the SESAM (typically 300 MW/cm2), the
SESAM may be permanently damaged, and a small spot burned on the surface.

3.4 Cavity losses

It is important also to include losses in a simulation of a laser. In steady state the
cavity losses per round trip are exactly canceled by the gain per round trip, and
the intra cavity power hence depends on the losses. In a fiber laser propaga-
tion losses inside the fibers are usually negligible, but at intersections between
different fibers and especially in the presence of components such as WDMs,
couplers, isolators, etc, the losses can be quite large. In fiber lasers the single
pass gain can be much larger than usual single pass gains in e.g. solid state
lasers. A gain per round trip of 10-20 dB is not unrealistic. Hence much higher
cavity losses are also acceptable in fiber lasers. Of course cavity losses should be
minimized, as high losses only result in smaller laser outputs. As in other lasers,
there is an optimum output coupling depending on the other losses of the cav-
ity, and as the other losses are usually quite high, the optimum output coupling
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is also usually quite high. The optimum output power also depends on the po-
sition of the output coupler, and highest output powers can be obtained if the
output coupler is placed right after the gain medium. For a realistic model of
a fiber laser, inclusion of the loss distribution is very important, as the limiting
property in fiber lasers is the nonlinear phase shift. The nonlinear phase shift
depends on the peak power of the pulse integrated over the cavity, and as the
peak power of the pulse depends on the distribution of the losses, the inclusion
of these plays an important role on the limit of obtainable output power. Losses
(i.e. also wavelength dependent losses) between elements are easily included as
a simple multiplication, as the fields are handled in the frequency domain.

3.5 Laser cavity simulations

With the model of all individual elements at hand, a model of a mode-locked
fiber laser can be obtained by combining the individual elements in proper or-
der. To find the pulse which is a stable solution to a cavity with a given set of
parameters, one should start out with an initially long and noisy pulse, and ap-
plying the effect of each element of the laser one at a time. After every round
trip, the sequence is simply repeated until the pulse has converged to a stable
solution. Depending on the magnitude of the effect of individual elements, con-
vergence may take longer or shorter time. If the wave shaping of some of the
elements are strong, sometimes a stable solution can be found in less than 100
round trips, but if the effects are all weak, sometimes more than 10000 round
trips are needed. The criteria which has to be fulfilled, to determine if the pulse
has reach the steady state is that the pulse should reproduce itself within a
phaseshift after every round trip. To check if this criteria is fulfilled, it is ad-
vantageous to monitor the root-mean-square (rms) temporal duration, the rms
spectral with, the mean central wavelength and the pulse energy [25]. If all
these parameters reaches a stable value within machine precision, the pulse is
determined to be a stable mode-locked state. Under certain circumstances these
parameters do not converge to a stable value but fluctuate around a stable value.
In this case the laser is noise-like mode-locked. This usually occurs if the accu-
mulated nonlinear phase shift is much larger than π:

φNL = γ

∫

cavity
|a(z, t = 0)|2dz >> π. (3.6)

Real lasers in the noise-like regime may either continue to stay noise-like mode-
locked or jump into a state of more than one pulse inside the cavity and thereby
reduce the nonlinear phase shift per pulse to less than π. Usually both situa-
tions are unwanted and hence the laser should be operated outside the noise-
like regime.

The number of data points used to represent the pulse should be chosen
so large that both the temporal and spectral windows contain the entire pulse



28 CHAPTER 3 - SIMULATION OF FIBER LASERS

(within machine precision) at every point in the cavity. 2048-8192 points are
usually enough depending on the laser.

Combining the elements in sequence is straight forward, except when the
coupling between pulses propagating both directions through the gain medium
is included. However, as it is only the average power which saturates the gain
medium, the average power of the pulse on each pass through the gain medium
can be calculated and stored numerically as a function of position in the gain
fiber. The average power of the pulse propagation in the opposite direction can
hence be interpolated from the stored values from the previous pass.

3.6 Numerical simulations of a 80 MHz fiber laser

With the developed model at hand, it is now in principle possible to simulate a
wide range of different mode-locked fiber lasers. The output from the laser de-
pends on many different parameters, such as fiber characteristics, pump power,
the arrangement of the comprising components and cavity length. One param-
eter is however dominant in the determination of the lasing regime, and this is
the net cavity dispersion, ∆β2. In order to illustrate simulations with the numer-
ical model and to illustrate the dependence of net cavity dispersion, calculations
on a realistic 80 MHz fiber laser are now presented.

HR
Grating SAMPM Yb Fiber

Compressor

0.25m PM splitterPM WDM
980/1030

Isolator
Output

λ/2

976nm

SM Pump
976nm

0.36m PM fiber 0.36m PM fiber

λ/4

Figure 3.2: Diagram of the laser configuration.

To make the calculations as realistic as possible, the starting point is a laser
configuration, as could have been realized in the lab. Figure 3.2 shows a dia-
gram of the laser configuration. The laser is assumed to comprise polarization
maintaining (PM) fibers only, and hence the polarization state can be assumed
to be linear through out the cavity. The mode-locking mechanism is based on
a saturable absorber mirror (SAM) with a modulation depth of 30 %, nonsat-
urable losses of 15 %, a saturation fluence of ∼ 100 µJ/cm2, and a recovery
time of 0.5 ps. Output coupling (OC) is taken through a polarization main-
taining (PM) splitter and can be tuned by rotating a quarter wave plate. In the
numerical simulations an OC of 60 % is used. A grating pair is used for in-
tra cavity dispersion compensation. The total transmission through the grating
compressor is assumed to be 70 %. The fiber is modulated with a dispersion
of β2 = 0.024 ps2/m, and a nonlinear coefficient of γ = 3.5 · 10−3 (m W)−1 of
the passive fiber and γ = 7.4 · 10−3 (m W)−1 of the gain fiber. The lengths of
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Figure 3.3: Left: Evolution of the rms temporal duration for two different non-
linear phase shifts and ∆β2 = 0.02 ps2. Insert: Input pulse. Right: Evolution of
the rms spectral width for two different nonlinear phase shifts.
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the fibers are chosen to be 0.36 m of passive fiber on both sides of 0.25 m gain
fiber (ytterbium doped). The gain fiber is assumed to have Gaussian gain profile
with a central wavelength at 1030 nm, a width of 40 nm, a peak small signal gain
g0 = 25 dB and a variable saturation power corresponding to a variable pump
power.

For a given choice of ∆β2, the output depends on the pump power and de-
pending on ∆β2, a higher or lower maximum pump power is acceptable, limited
by the total nonlinear phase shift accumulated by the peak of the pulse. As it
is usually of interest to operate an oscillator at the highest stable pump power
(as this also corresponds to the highest output power), a number of simula-
tions were conducted, where the net cavity dispersions ∆β2 was varied, and for
each value of ∆β2, the pump power was adjusted to clamp the nonlinear phase
shift at a fixed value: φNL = π after convergence. Figure 3.3 shows the evolu-
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Figure 3.6: Left: Chirped output pulse duration width vs. net cavity dispersion,
∆β2, at a pump power corresponding to a nonlinear phase shift, φNL = π. Right:
Transform limited pulse duration after external pulse compression calculated
from the spectral width.

tion of the rms temporal duration and spectral width for the particular case of
∆β2 = 0.02 ps2, and figure 3.4 shows the steady temporal and spectral shape of
the pulse on both a linear and logarithmic scale. In the insert of figure 3.4 (left)
the input pulse can also bee seen.

For a total nonlinear phase shift much larger than ∼ π, the calculations do
not converge to a stable pulse, but to the a noise-like pulse which fluctuates from
round trip to round trip. In figure 3.3 the evolution of the rms temporal duration
and spectral width can also be seen for the case where the pump power has been
increased to give a nonlinear phase shift of φNL ∼ 2π (dotted line). Figure 3.4
also shows a typical output pulses after convergence to the noise like state.

By varying ∆β2 while maintaining φNL = π, trends of the maximum out-
put power, the spectral width, the temporal duration, and the transform limited
pulse duration calculated from the spectral width were calculated vs. ∆β2. The
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results of the simulations can be seen in figures 3.5-3.6 The trends are clear: at
small values of ∆β2, broader spectra, externally compressible to shorter pulses
are possible. Also if external compression is not wanted, shortest output pulse
durations is obtained for small values of ∆β2. However at smaller values of
∆β2, the maximum output power is also smaller. It is, however, interesting to
notice, that at a net cavity dispersion of ∆β2 = 0.047 ps2, the dispersion of the
grating compressor is zero, and hence stable mode-locked lasing is obtained
without intra cavity dispersion compensation. This property is further investi-
gated in chapter 8.

Calculations have only been carried out for positive values of net cavity dis-
persion, as the laser enters the soliton regime for negative values of ∆β2. In the
soliton regime stable lasing is usually only obtained for much smaller values
of nonlinear phase shift (i.e. ∼ 0.1 π) and as the pulse is further almost trans-
form limited inside the laser in the soliton regime, the peak power is also much
higher. Therefore high values of φNL are reached at lower output powers.

As with all numerical models, it is important not to forget the real focus:
obtaining and understanding experimental results, in order to contribute to the
development of physical realizable systems. Therefore the data presented in
this section should only be taken as guidelines and illustrations of what might
be obtained experimentally. From simulations of the lasers presented in the rest
of this thesis it is evident, that the model is quite accurate, and good agreements
between simulations and experimental results have been obtained.
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CHAPTER 4

Characterization techniques

This chapter describes some of the different developed setups for charcteriza-
tion of mode-locked fiber lasers and fiber components. A setup was developed
to measure chromatic dispersion of optical fibers. The setup was used to mea-
sure dispersion of the fibers used in all other parts of this work. The setup was
payed by and developed on request from NKT-Research and is now used at
NKT-Research to measure the dispersion of fibers in their products. The work
was done in collaboration with Thomas Vestergaard Andersen. The developed
setup for autocorrelation measurements is also introduced, and the theory be-
hind autocorrelation measurements briefly discussed. Finally the concept of
polarization maintaining fibers is introduced and a short introduction is given
to the measurement of group birefringence in optical fibers.
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MEASUREMENT OF FIBER DISPERSION

4.1 Introduction

In the design of mode-locked fiber lasers, knowledge about the dispersion of a
fiber is often of key importance. The dispersion influences on the pulse prop-
agation in the fiber. In a cavity it is the net dispersion (the sum of the total
dispersion of different sections calculated with sign) which has the strongest in-
fluence on the laser output. Although indirect methods exist to estimate the net
cavity dispersion, by e.g. looking at the sidebands in the soliton regime [70],
or by changing the net dispersion while monitoring the laser output, the best
method is to measure the dispersion of each fiber sections separately. In other
areas of fiber optics the fiber dispersion is also of key importance. For instance,
supercontinuum generation in a nonlinear fiber depends critically on the posi-
tion of the zero dispersion wavelength (ZDW) and on higher order dispersion
terms and knowledge about higher order terms is also of key importance when
using a fiber for e.g. four-wave mixing [II] or supercontinuum generation. As
shown in chapter 5 knowledge of higher order dispersion terms is also relevant
in fiber laser design.

The dispersion of an optical fiber can be measured in several ways. The
commercial available systems for the telecommunication industry use the dif-
ferential phase shift method, where light from a broadband light source is in-
tensity modulated at high frequencies and sent through the fiber [71]. At the
end of the fiber, different wavelengths have different phase shifts. The mea-
surement of these different phase delays in the frequency domain relates to a
delay in the time domain and, therefore, to the fiber dispersion. Commercial
systems are rather expensive and usually limited to telecommunication wave-
length range (1530-1625 nm), but exist with the possibility of extended wave-
length range (1200-1700 nm). Furthermore, commercial systems require rather
long fiber lengths (i.e. >>10 m). Therefore, it is of interest to look into other
less expensive methods, which can be realized in the lab. The femtosecond
time-delay technique [72] and the white light interferometry technique [73] are
the most used techniques. The femtosecond time-delay technique is based on
time of flight experiments but requires a tunable femtosecond laser. The white
light interferometry technique is based on a rather simple setup, where the in-
terference signal from a white light source in a Michelson interferometer (with
the fiber under test in one arm) can be used to extrapolate the dispersion. In
reference [73] the temporal interference signal is measured while scanning the
length of the reference arm. A setup based on this technique has previously
been developed in our group and is now used at Crystal Fibre to characterize
their fibers. The setup only requires measurement of the interference signal with
a simple photo diode, but requires very accurate temporal resolution (calibrated
by a He-Ne laser in the interferometer) and very high stability over the rather
long recording time. As an alternative solution the interference signal can be
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measured spectrally with the reference arm fixed [74]. This method requires a
optical spectrum analyzer with a high resolution, but reduces the recording time
considerably, and hence also the requirement of high stability.

As an optical spectrum analyzer was available to us, the white light interfe-
rometry method with signal measurement in the spectral domain was the obvi-
ous choice. Furthermore, as the requirements on high stability were somewhat
relaxed, it was possible for us to implement the interferometer with fiber pig-
tailed components. A solution which highly simplifies the use of the setup and
the inclusion of the optical spectrum analyzer.

The spectral range of the setup is limited by the the light source. Initially the
setup was only intended to be used to characterize fibers close to the emission
spectrum of ytterbium, and hence a simple ytterbium ASE (Amplified Sponta-
neous Emission) source could be used as the light source. Later the setup was
modified to use a fiber-pigtailed super continuum source now commercially
available from Koheras [75]. This increased the spectral range to∼ 550-1800 nm.

4.2 Experimental setup

Figure 4.1 shows a diagram of the experimental setup. The ASE source was
based on a short piece of ytterbium doped fiber pumped through a WDM with
a 150 mW 980 nm diode laser. Lasing was prevented by sending the output
through two fiber pigtailed isolators spliced to the interferometer.

Translation stage
Fiber collimator

50/50

Polarizer

To spectrum analyzer

(yb ASE source)
Whiht light source

Test fiber

Butt coupling
Lens Lens

Figure 4.1: Diagram of the experimental setup of the white light interferometer.

The Michaelson-like interferometer was based on a 50:50 fused fiber cou-
pler working as the beam splitter. In one arm the fiber under test could be
inserted either by butt-coupling the fiber or by using a lens system to maxi-
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mize the coupling between the standard fiber and the fiber under test. This
lens setup was primarily used when measuring the dispersion of hollow core
photonic bandgap (HC-PBG) fibers as a butt-coupling to such a fiber causes a
Fresnel back-reflection at the interface due to different refractive indexes of the
cores. The other end of the test fiber was butt coupled to a mirror. In the ref-
erence arm, the beam was collimated and reflected on a mirror positioned on a
translation stage.

All the fibers in the setup were non-polarization maintaining (non-PM), but
by avoiding bending the fibers strongly, a large change in polarization state be-
tween the two arms could be avoided. A small difference in polarization state
only results in smaller fringes and is acceptable. If the fiber under test was
polarization maintaining (PM) a bulk polarizer could be inserted in the refer-
ence arm to pick out the polarization state interfering with light from one of the
polarization axis of the test fiber. The rotation angle of the polarizer was found
by minimizing the beats in the spectral interference pattern.

The choice of a fiber based interferometer resulted in an increased sensi-
tive to environmental perturbations and especially air convection influenced
the measurement. The environmental perturbations resulted in a drifting fringe
pattern, due to a changing phase difference between the two arms. To minimize
this effect, the setup was placed in an air tight box. Due to the fast recording
time of the optical spectrum analyzer, a sufficiently slow drift time was easily
reached.

If the fibers in the two arms of the interferometer are of different length, it
will result in a contribution to the measured dispersion. In addition the coupler
and the lens coupling setup will also contribute to the measured dispersion.
However, as dispersion of different elements adds linearly, the dispersion of the
setup can be measured separately and subtracted and hence the balancing of the
dispersion of the two arms is not critical.

As the light source is broadband and incoherent, the optical path length of
the two arms must be matched. This is achieved by scanning the stage. Tempo-
rally an interference signal can be observed by scanning the stage, and figure 4.2
shows such a signal. The midpoint is referred to as ”T=0”. When the stage is
close to ”T=0” interference fringes can be observed in the spectrum.

4.3 Theory

If E1 and E2 are the time independent complex electric field amplitudes at the
detector of the reference arm and test fiber arm respectively, and if φ1(ω) and
φ2(ω) are the accumulated phases in the two arms, then the intensity is given by

I(ω) = |E1|2 + |E2|2 + 2E1E2 cos(φ2(ω)− φ1(ω)).

The frequency dependent phase difference contains a contribution from the setup,
a contribution from the test fiber and a contribution from the free space section
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Figure 4.2: Temporal signal from the white light setup around the ”T=0” point.

in the reference arm:

∆φ(ω) ≡ φ2(ω)− φ1(ω) = ∆φs(ω) + φf (ω)− ω

c
d, (4.1)

where d is the distance between the ”T=0” point of the setup without test fiber
and the ”T=0” point with the fiber. ∆φ(ω) can be measured modulus 2π by mea-
suring the spectral position of the fringes. The distance between two successive
fringes corresponds to an increase or decrease in ∆φ(ω) of 2π. If the second
derivative of the phase difference with respect to frequency is calculated, the
contribution from the stage position disappears:

∂2

∂ω2
∆φ(ω) =

∂2

∂ω2
∆φs(ω) +

∂2

∂ω2
φf (ω).

∂2

∂ω2 ∆φs(ω) can be calculated from a separate but similar measurement without
test fiber and subtracted from ∂2

∂ω2 ∆φ(ω). The last term relates directly to the
dispersion of the fiber:

∂2

∂ω2
φf (ω) = 2β2(ω)L,

where L is the length of test fiber, and β2 is the group velocity dispersion. Once
β2(ω) is known, the usual dispersion parameter is easily calculated from the
equation:

D = −2πc

λ2
β2.

Higher order dispersion terms are contained in β2(ω) and are found by expand-
ing β2(ω) around a center frequency ω0:

β2(ω) = β2(ω0) + β3(ω0)(ω − ω0) +
1

2
β4(ω0)(ω − ω0)

2 + ... (4.2)
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The propagation constant, β(ω)′, which was introduced in equation 2.19 as a
parameter in the nonlinear Schrödinger equation, and is relevant for laser cavity
calculations, can now be found by integrating equation 4.2 twice:

β(ω)′ =
1

2
β2(ω0)(ω − ω0)

2 +
1

6
β3(ω0)(ω − ω0)

3 +
1

24
β4(ω0)(ω − ω0)

4 + ... (4.3)

where the integration constants have been set to zero, as they only correspond
to a change of linear phase and a translation of the pulse on the time axis and
hence are not relevant for the slowly varying envelope.

4.4 Dispersion measurements

To illustrate how the calculations are made, an example based on a hollow core
photonic bandgap fiber (HC-PBG) fiber from Crystal Fibre is presented below.
Figure 4.3 (left) shows a cross section of the fiber, and figure 4.3 (right) the trans-
mission spectrum.
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Figure 4.3: Left: SEM image of the cross section of the HC-PBG fiber. Right:
Transmission spectrum through 2 m of the HC-PBG fiber.

The fiber is interesting because it has negligible nonlinearity and a high
anomalous dispersion at 1030 nm and as shown in chapter 5 it can be used for
pulse compression after external amplifications of a fiber laser without degrad-
ing pulse quality. Figure 4.4 shows a typical spectrum with interference fringes.

The phase difference can be constructed by noting that the phase must have
increased or decreased with 2π at the peak of each fringe. As the ∆φ(ω) con-
tains a quadratic term (the GVD), it will as a function of frequency have a local
extremum point. By changing the linear term in eq. 4.1 (e.g. by moving the
stage), the position of the extremum point can be moved. This turning point
can be seen in figure 4.4 close to 1040 nm. The position of the turning point
does not influence on the dispersion, but is usually best placed in the middle
of the spectrum in order to get maximum resolution on the fringes. The sign
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Figure 4.4: Left: Measured spectrum with interference fringes. The position of
the turning point is found around 1040 nm where the slow modulation reveals
that the linear term in the phase difference is zero. Right: Zoom on the region
around 1045 nm. The phase difference can be constructed by adding 2π at each
local maximum.
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Figure 4.5: Left: Phase versus wavelength. Right: Phase versus frequency. Six
polynomial fits of order 6 to 12 are shown, and all fit the the measured points
well.

of the quadratic term in ∆φ(ω) can be found by noting that if the length of the
stage arm is increased (linear term in eq. 4.1 decreased), the turning point will
move towards longer wavelengths (lower frequencies) if the GVD is negative
and towards shorter wavelengths if the GVD is positive. The resulting phase
difference can be seen in figure 4.5.

The second derivative of the phase difference is found by fitting a polyno-
mial to ∆φ(ω) and deriving it twice. The order of the polynomial must of course
be chosen large enough, that the polynomial coincides with the measured points
over the entire frequency range. Figure 4.5 (right) shows polynomial fits of order
6 to 12 to ∆φ(ω). For this particular measurement, polynomials of order higher
than 5 gives accurate fits within the measured range. The resulting dispersions
originating from the 6 different polynomials can seen in figure 4.6 (left). As
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Figure 4.6: Left: The calculated dispersion of the HC-PBG fiber for the 6 different
polynomials. The curves almost coincide in the middle of the interval while they
differ significantly at the edges. Right: Dispersions of the two polarization axes
of the fiber.

can be seen, the calculated dispersion depends on the order of the polynomial.
However in the middle ∼ 80 % of the measured interval, the curves coincides
within an acceptable uncertainty. Only at the edges, the dispersion is inaccu-
rately determined. However, as it is unlikely that the slope of the dispersion
changes drastically near the edges of the measured interval, one can chose the
polynomial of lowest order, which also fits the data. In this case: order 6. The
accuracy of the setup was tested by measuring the dispersion of well-known
fibers such as SMF28 [76] and HI1060 Flexcore [77], and in both cases excellent
agreement with known values were found.

The HC-PBG fiber was observed to be birefringent and the dispersion of
both polarization axes were measured. Figure 4.6 (right) shows the measured
dispersions of the two axes. The dispersion was found to be indistinguishable.

Even though the setup based on the ytterbium ASE source is well suited
for measurements of the dispersion of components for ytterbium based fiber
lasers in the relevant wavelength range, other applications require dispersion
measurements over a broader range. For this purpose the ASE source was re-
placed with a super continuum white light source [75]. The super continuum is
created in a nonlinear photonic crystal fiber (PCF) pumped at 1060 nm with a
Q-switched laser. The nonlinear fiber could be spliced directly to the setup with
low loss. In order to compensate for the limited bandwidth of the 2x2 50:50
coupler it was replaced by two 1x2 50:50 thin film couplers and the Michaelson-
like interferometer was changed into a Marc-Zender interferometer. With this
approach more power was lost but by combining the two 1x2 couplers so that
identical arms of the couplers were put in opposite arms of the interferometer,
a coupling ration far from the perfect 50:50 became acceptable and the setup
could be used over the entire wavelength range of the super continuum source.

To illustrate the broad measurement range of the setup, the dispersion mea-
sured from 900-1300 nm of a nonlinear PCF and the dispersion measured from
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Figure 4.7: Measured dispersion of a nonlinear PCF with a ZDW at 975 nm and
of a HI1060 Flexcore fiber.

1000-1700 nm of a HI1060 Flexcore fiber can be seen in figure 4.7. The standard
fiber, HI1060, exhibits a high normal dispersion (i.e. D < 0) around 1 µm, and
the nonlinear PCF has a blue shifted ZDW at 975 nm and hence exhibits anoma-
lous dispersion around 1 µm. The setup has further been used to measure the
dispersion of the solid core photonic bandgap fibers used in chapter 5.
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AUTOCORRELATION MEASUREMENTS

4.5 Introduction

Experimentally, it is often important to be able to determine the duration of a
pulse. The fundamental limit in pulse duration is set by the spectral width (and
shape) of the pulse. This limit is know as the Fourier limit or transform limit,
as it can be found by Fourier transforming the spectrum with zero phase. How-
ever, a pulse may have a nonlinear chirp which cannot be removed with simple
dispersive elements such as prism or grating pairs. This results in a longer min-
imum pulse duration. As pulses from mode-locked lasers are often so short (i.e.
<< 30 ps), that even the fastest photo diodes cannot resolve the temporal shape
of the pulse, an alternative approach has to be taken. The temporal duration of a
pulse can be extrapolated by measuring the interference signal of the pulse with
another short pulse as function of delay between the two pulses. Most conve-
niently, a pulse can be interfered with itself. The setup for this measurement is
known as an autocorrelator, and the output as an autocorrelation trace.

4.6 Setup and theory

1

2

Figure 4.8: Diagram of the autocorrelator. The delay can be changed by scanning
stage 1. By moving stage 2, the autocorrelator can be changed from interfero-
metric to background free.

An autocorrelator is based on a Michaelson interferometer, which splits the
pulse into two pulses: one in each arm. The two pulses are recombined with
an added temporal delay. Figure 4.8 shows a diagram of the Michaelson inter-
ferometer which was build to make autocorrelation measurements. One arm
of the autocorrelator could be scanned up to 350 ps, and was controlled by a
computer. This enables both high resolution autocorrelation measurements and
long range autocorrelation traces. With this autocorrelator, both interferometric



4.6. SETUP AND THEORY 43

autocorrelation traces (overlapped beams) and background free autocorrelation
traces (parallel but not overlapped beams) could be measured. To get an second
order autocorrelation trace, the intensity must be squared. The easiest way to
measure the interferometric autocorrelation trace is to use two-photon absorp-
tion on the surface of a photo diode which cannot see photons at the laser wave-
length, λ0, but only with wavelength λ0/2. In the range 680-1360 nm, a GaAsP
photo diode is appropriate [78], and such a photo diode (Hamamatsu G1117)
was used for the interferometric autocorrelation traces. For a background free
autocorrelation trace, the beams must be crossed by focusing the two parallel
beams with the same lens into a nonlinear crystal (e.g. a BBO crystal). On the
output side three beams emerge. The middle one is the background free auto-
correlation trace. The advantage of the background free autocorrelator is that it
is easier to extract the pulse duration directly from the trace. The disadvantage
on a daily basis is that it is more difficult to check if the autocorrelator is prop-
erly aligned. If the autocorrelator is not aligned correctly and one beam drifts
as the delay is scanned, the background free autocorrelation trace can indicate a
pulse duration which is shorter than the actual pulse duration.

The second order interferometric autocorrelation function is calculated as:

G2(τ) =

∫ ∞

−∞

|(E(t) + E(t− τ))2|2dt, (4.4)

where τ is the variable delay between the pulses, and E(t) = A(t) exp(−iω0t).
For the case of a chirped Gaussian pulse (see equation 2.35) the autocorrelation
trace can be calculated analytically:

G2(τ) ∝ 1 + 2 exp
(

− 2 ln(2)

1 + C2

( τ

t0

)2)

+ 4 exp
(

− 2 ln(2)

1 + C2

3 + C2

4

( τ

t0

)2)

cos
( ln(2)C

1 + C2

( τ

t0

)2)

cos(ω0τ)

+ exp
(

− 2 ln(2)
( τ

t0

)2)

cos(2ω0τ). (4.5)

An important ratio when aligning an interferometric autocorrelator is the ratio
between the top of the autocorrelation trace and constant background:

G2(0) : G2(∞) = 1 : 8. (4.6)

Only if this ratio is fulfilled are the measured pulse durations trustworthy. No-
tice that G2(τ) consists of four terms: a constant term, a Gaussian term with no
oscillations, a Gaussian term oscillating with ω0 and finally another Gaussian
term oscillating with 2ω0. In the limit of C = 0, all three Gaussian terms have
similar widths, but in the limit where C is large, the width of the first Gaus-
sian term exceeds the widths of the other terms. The top and bottom envelopes
of the autocorrelation function are easily found by replacing cos(ω0τ) → 1,
cos(2ω0τ)→ 1 (top envelope) and cos(ω0τ) → −1, cos(2ω0τ)→ 1 (bottom enve-
lope) respectively in equation 4.5.
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Figure 4.9 (left) shows the interferometric autocorrelation trace of a 100 fs
pulse with zero chirp (C = 0), and figure 4.9 (right) shows the trace of a 100 fs
pulse with a chirp of (C = 27.7) corresponding to propagation through 5 m of
standard fiber at 1030 nm.
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Figure 4.9: Left: Calculated autocorrelation trace of a 100 fs pulse with zero chirp
(C = 0). Right: autocorrelation trace of a 100 fs pulse with a chirp of (C = 27.7)
corresponding to propagation through 5 m of standard fiber at 1030 nm. Black
curves: envelopes of the autocorrelation traces.

The background free autocorrelation trace is simply given by the non oscil-
lating Gaussian term in G2(τ), which can also be found from:

G′2(τ) =

∫ ∞

−∞

|E(t) · E(t− τ)|2dt

∝ exp
(

− 2 ln(2)

1 + C2

( τ

t0

)2)

(4.7)

The ratio between the FWHM of the background free autocorrelation trace
and the FWHM pulse duration is know as the deconvolution factor, and this de-
pends on the temporal shape of the pulse. For a Gaussian pulse the deconvolu-
tion factor is simply

√
2. For a transform limited pulse with parabolic spectrum,

the deconvolution factor is 1.33. For a transform limited Gaussian pulse (C = 0)
the deconvolution factor between the FWHM of the top envelope of the interfer-
ometric autocorrelation trace and the FWHM pulse duration is 1.54. For pulses
of unknown temporal shape and/or of unknown chirp (or even with higher
order chirp), the best approach is to measure the power spectrum and Fourier
transform the square root of this. The square of the Fourier transform is then the
transform limited pulse and from this the autocorrelation trace can be calculated
and compared to the measured autocorrelation trace. If the two traces coincide,
the pulse duration is equal to the pulse duration of the calculated transform
limited pulse. Otherwise a pulse retrieval algorithm can be used to match the
calculated and measured traces by numerically adding chirp to the pulse.

An autocorrelation trace can be deceiving, as the detector averages the auto-
correlation trace of many individual pulses. If all the pulses in the pulse train
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are identical, there is no problem, as the average trace is then identical to the in-
dividual trace. However, if there are large fluctuations from pulse to pulse, the
average trace may resemble that of figure 4.9 (right), but instead of indicating
a chirped pulse which can be compressed by applying an appropriate amount
of dispersion, the pulses could also be incompressible, as the phases of the indi-
vidual pulses may be different and even very noisy. In fact figure 4.10 shows the
numerically calculated autocorrelation trace averaged over 1000 round trips of
the noise-like mode-locked state from the example at the end of chapter 3. This
trace is indistinguishable from a trace of a noise-free but chirped mode-locked
output.
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Figure 4.10: Autocorrelation trace of a noise-like mode-locked output.

To distinguish between noise-free chirped pulses and of noise-like pulses,
other factors have to be taken into account. For example the spectral shape can
be compared to calculated spectral shapes which differs if the pulses are noise-
like. In the normal dispersion regime, the spectra tends to have very steep edges
if the laser is noise-free, whereas noise-like mode-locking leads to Gaussian-
like spectra. Alternatively the amplitude noise can be measured with an RF-
spectrum analyzer. The ultimate test is however, if the pulses are externally
compressible with e.g. a grating compressor.
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MEASUREMENT OF GROUP BIREFRINGENCE

4.7 Polarization maintaining fibers

In a fiber with perfect hexagonal symmetry (or any higher than twofold rota-
tional symmetry) two orthogonal polarized modes will be degenerate [79]. On
the other hand, if the fiber is constructed to be asymmetric, so that it only has
twofold rotational symmetry the propagation constants of two orthogonal po-
larized (i.e. linear polarized) modes, βx and βy, will in general be different, and
the fiber is said to be birefringent. Birefringence is typically obtained through
either form birefringence (asymmetric core shapes) or stress induced birefrin-
gence (by embedding stress rods in the material with different thermal expan-
sion coefficients and hence incorporating a strain in the material).

If the propagation constants are expanded around a frequency, ω0:

β(ω) = n(ω)
ω

c
= β0 + β1(ω − ω0) + β2(ω − ω0)

2 + ..., (4.8)

where:

βk =
(∂kβ

∂ωk

)

, (4.9)

then β0 and β1 are related to the phase and group velocity respectively:

β0 =
ω0

vp
= n(ω0)

ω0

c
(4.10)

β1 =
1

vg
=

ng

c
=

1

c

(

n(ω0) + ω0
∂n

∂ω
(ω0)

)

(4.11)

where vp is the phase velocity, vg the group velocity, and ng the group index.
Physically speaking, the envelope of an optical pulse moves at the group veloc-
ity, while the phase underneath the envelope moves at the phase velocity. In
a birefringent fiber both the β0 and β1 term will in general differ for the two
different polarization directions. As shown in section 4.4, the group velocity
dispersion, β2, and higher order terms can often be assumed to be identical for
the two orthogonal polarization directions.

The group birefringence, ∆ng , is defined as: ∆ng = |ng,x − ng,y| and knowl-
edge about the group birefringence is important when working with pulse prop-
agation in birefringent fibers, as it determines the walk-off between pulses launc-
hed in the different axis of the fiber.

In general the birefringence of a fiber is also an important property when
designing mode-locked fiber lasers. If a fiber is birefringent, then light polar-
ized only along one axis of the fiber is prohibited from coupling into the other
polarization axis. This is true even if the fiber is twisted, so that the polarization
axis turns along its length. If the twist is sufficiently slow, the light can gradu-
ally rotate its polarization state together with the polarization axis of the fiber.
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Hence highly birefringent fibers are usually known as polarization maintaining
(PM) fibers, and can for example be used to control the polarization state in-
side a fiber laser. For an overview of conventional PM fibers see reference [80].
The conventional PM fibers used in later chapters of this thesis are all PANDA
fibers, and the birefringence in a PANDA fiber originates from two stress rods.
Figure 4.11 shows a diagram of the cross section of the fiber.

Slow axis

Fast axis

Figure 4.11: Cross section of a PANDA PM fiber.

In low birefringent or non-birefringent fibers stress applied to the fiber (e.g.
by bending it) induces a birefringence which also affects the polarization state
of the light. If the induced birefringence is comparable to or larger than the in-
trinsic birefringence, the fiber is known as a non-PM fibers. When working with
long segments of fiber, i.e. longer than ∼ 0.5− 1 m, it is difficult to avoid bends
on the fiber and hence uncontrollable polarization evolution. However, linear
polarization evolution can be compensated by wave-plates on the output side.
The real problem arises from thermal or air-convection induced changes of the
bend induced birefringence of the fiber. This leads to a polarization evolution
which is unstable over time, and is hence referred to as environmentally unsta-
ble. Environmentally stable polarization evolution can hence only be obtained
with the use of PM-fibers. Environmentally stable fiber laser based on PM-fibers
only will be the subject of chapter 6. However, schemes exist which intrinsically
eliminate the linear polarization evolution of non-PM fibers and hence also the
environmental instability. In chapter 9 such a scheme is investigated as an alter-
native approach to creating environmentally stable fiber lasers.

4.8 Measurement of the group birefringence

The group birefringence can be measured with the so-called crossed polarizer
technique [81, 82]. If linearly polarized light is launched into a PM fiber with an
angle of 45◦ between the polarization axis of the light and the axis of the fiber,
the polarization state of the light emitted from the other end of the fiber will
depend on the phase difference between the two axes: ∆φ = ∆βL, where L is
the length of the fiber. If the emitted light is transmitted through a polarizer
also at an angle of 45◦ to the axis of the fiber, the transmission will depend on
this phase shift. Only if ∆φ = 2π will the transmission be maximum. If the
fiber is birefringent, ∆φ depends on the wavelength of the light and if the light
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transmitted through the fiber is from a broadband light source, the transmitted
spectrum will have spectral fringes. The group birefringence can be found from
these spectral fringes, by noting that:

∂

∂λ
∆φ = −2πc

λ2
L

∂

∂ω
∆β = −2π

λ2
L∆ng. (4.12)

The distance between two successive fringes corresponds to an increase in
∆φ of 2π, and hence:

∆ng =
λ2

L∆λ
, (4.13)

where ∆λ is the fringe separation.
To exemplify the method, the group birefringence of the HC-PBG fiber used

in chapter 5 (shown in figure 4.3) was measured. An ytterbium ASE source was
used as light source and a fringe separation of 10.3 nm was measured at 1030 nm
on a 3.34 m long piece of fiber. This corresponds to a group birefringence of
3.1 ·10−5 and a group velocity mismatch of 103 fs/m. In contrast to standard PM
fibers, the birefringence in this fiber is a result of a deviation from the intended
symmetric shape.

4.9 Summary

In summary three different setups for characterization of mode-locked fiber
lasers and fiber components have been presented. The setup for measurement
of fiber dispersion have been applied to measure the dispersion of all the fibers
used in the mode-locked lasers in this thesis. The autocorrelator was used to
characterize the outputs from the constructed lasers, and finally the setup for
measurement of group birefringence have been used to verify the birefringence
of the HC-PBG fiber used in chapter 5 and to calculate group velocity mismatch
in the PM fiber used in chapter 9 for environmentally stable nonlinear polariza-
tion rotation in an all-PM mode-locked fiber laser.



49

CHAPTER 5

Solid core photonic bandgap fiber
laser

This chapter describes the results of the first mode-locked fiber laser using solid-
core photonic bandgap (SC-PBG) fiber for intra cavity dispersion compensation.
Limitations in terms of obtainable pulse durations have been explored, and was
found to be limited by the high third order dispersion of the SC-PBG fiber. Af-
ter external amplification and external compression in a hollow-core photonic
bandgap (HC-PBG), 158 fs 5.3 nJ pulses were obtained at a central wavelength
of 1030 nm from this very compact all-fiber based system, and the result is a sig-
nificant step toward a femtosecond ytterbium based fiber laser system with no
sections of free space optics. The SC-PBG fiber was spliced to a standard fiber,
and hence enables fiber oscillators without sections of free-space optics.
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5.1 Introduction

Standard fibers have a large normal dispersion at the lasing wavelength of ytter-
bium and one of the main problems using ytterbium as gain media in fiber lasers
is the lack of fiber components with anomalous dispersion at this wavelength.
Because of the high dispersion of standard fibers, dispersion compensating el-
ements are necessary in fiber lasers to obtain broad spectra, which can result
in short femtosecond pulses. Otherwise the spectrum narrows and only longer
pulses are possible.

The laser presented in chapter 6 uses a bulk transmission grating pair for
intra cavity dispersion compensation. Although compact and stable, a trans-
mission grating excludes the possibility of making an implementation with no
free space sections. All-fiber implementations are preferable, as it increases the
stability, compactness and possibly reduces the cost.

A very elegant fiber based solution is the use of a chirped fiber Bragg Grat-
ing. Dispersion compensation in fiber lasers based on chirped fiber Bragg grat-
ing has been researched since the mid-nineties [83] and recently a very elegant
and compact all-fiber 100 fs, 4 nJ system based on a transmitting chirped fiber
Bragg grating as output coupler, and an amplifier pumped with the same pump
single-mode fiber-pigtailed diode as the oscillator, has been demonstrated by
IMRA [84].

An alternative solution to fiber based intracavity dispersion compensation is
the use of photonic bandgap fibers (PBGs). As opposed to normal fibers where
light is bound due to a higher refractive index of the core compared to the sur-
rounding cladding, bound modes in PBGs are found due to a photonic bandgap
in a micro structured cladding with a higher average index than the core. A
guidance band is created in the core where light of certain wavelengths is not
allowed to penetrate into the cladding [18]. This spectral guidance band of PBGs
is usually quite narrow and the dispersion of PBGs is strongly affected by the
high loss at the edges of the guidance band. The dispersion changes from highly
normal close to the short wavelength edge to highly anomalous near the long
wavelength edge, with a zero dispersion wavelength in between. By scaling
the transverse dimensions of the fiber the position of the spectral transmission
band can be moved and anomalous dispersion at any wavelength is in princi-
ple possible. Hollow-core photonic bandgap (HC-PBG) fibers have existed for
some years now [18] and quite recently solid-core photonic bandgap (SC-PBG)
fibers have also been demonstrated [85, 86]. Using PBG fibers for dispersion
compensation has the advantage that the anomalous dispersion of the cavity
can be changed simply by changing the length of the PBG fiber. Furthermore,
PBG fibers can be manufactured in lengths (i.e. > 100 m), sufficient for many
mode-locked lasers and hence the use of PBG fiber potentially simplifies mass-
production.

Previously mode-locked fiber lasers have been demonstrated with the use of
standard photonic crystal fibers (PCFs) [87] and HC-PBG fibers [88]. HC-PBG
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fibers have also previously been used to realize all-fiber chirped-pulse ampli-
fications systems [89, 90]. PCFs and HC-PBG fibers have some disadvantages
when used for intra cavity dispersion compensation. The main problem with
PCFs is the small core size which is necessary to achieve anomalous dispersion.
As a result these fibers have a high nonlinear coefficient, which is less attractive
as it limits the obtainable pulse energy. HC-PBG fibers have a very low nonlin-
ear coefficient and can be spliced to standard fibers with low loss, but the splice
introduces a Fresnel reflection at the interface due to the different refractive in-
dexes of the cores. Single-pulse mode-locking cannot be obtained if the cavity
contains such Fresnel reflections and these fibers are therefore not attractive for
realizations of lasers with no sections of free space optics.

In this chapter a mode-locked laser using a solid-core photonic bandgap (SC-
PBG) fiber for dispersion compensation is presented. Simultaneous to the sub-
mission of our paper [VII], results on a similar oscillator using SC-PBG fiber for
dispersion compensation were also submitted by Isomaki and Okhotnikov [91].
These two results were the first demonstrations of the use of a SC-PBG fiber for
dispersion compensation in mode-locked fiber lasers. In [91] a minimum pulse
duration of 460 fs was obtained by operating the oscillator in the net anoma-
lous (soliton) dispersion regime. Here 158 fs pulse duration from a fiber oscil-
lator, fiber amplifier and fiber compressor system is demonstrated. This oscil-
lator was operated in the net normal dispersion regime to explore the limits in
spectral width and pulse duration set by the high total third order intra cavity
dispersion. Transform limited pulses were obtained through nonlinear pulse
propagation in the amplifier, and subsequent pulse compression in a HC-PBG
fiber with negligible nonlinearity.

5.2 Fiber characterization

The SC-PBG and HC-PBG fibers used to realize the femtosecond laser system
were manufactured at Crystal Fibre. The HC-PBG fiber was manufactured from
pure silica, creating a cladding with air-holes surrounding the hollow core. The
SC-PBG fiber was composed of an array of Ge-doped rodes embedded in a silica
matrix surrounding a silica core. Cross sections of the HC-PBG and SC-PBG
fiber can be seen in figure 5.1.

The dispersion of the PBGs was measured using the setup described in chap-
ter 4. Figure 5.2 (left) shows the measured dispersion. The dispersion of the
SC-PBG fiber was measured to: β2 = −0.085 ps2/m, β3 = 1.7 · 10−3 ps3/m at
1030 nm. The dispersion of the HC-PBG fiber was measured to: β2 = −0.049
ps2/m, β3 = 3.1 · 10−4 ps3/m at 1030 nm and the dispersion of the standard
fiber was measured to β2 = 0.023 ps2/m, β3 = 3.9 · 10−5 ps3/m at 1030 nm. The
third order dispersion (TOD) of the SC-PBG fiber is almost an order of magni-
tude larger than the TOD of the HC-PBG and almost two orders of magnitude
larger than the TOD of the standard fiber. The large TOD of the SC-PBG is a con-
sequence of the solid core, contributing with normal GVD. To obtain anomalous
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Figure 5.1: Left: SEM image of the cross section of the HC-PBG fiber. Right:
Cross section of the SC-PBG fiber.

GVD at a certain wavelength, the long wavelength edge of the transmission
band has to be moved closer as the waveguide contributes with a larger anoma-
lous GVD here. The TOD, however, is also larger here and as a consequence
the resulting TOD will be higher. The mode field diameter (MFD) of the SC-
PBG fiber was 8 µm and hence the fiber has a lower nonlinear coefficient com-
pared to the standard fiber (MFD = 6 µm). The HC-PBG fiber was observed
to be birefringent and the group birefringence of the fiber was measured to be
∆ng = 3.1 · 10−5 with the setup described in chapter 4. The dispersion of both
polarization axes was indistinguishable. The SC-PBG fiber on the other hand
was not observed to be birefringent.
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Figure 5.2: Left: Dispersion of the SC-PBG, HC-PBG and standard fiber. Right:
The insertion loss of the 0.36 m long SC-PBG fiber.

5.3 Laser design

Figure 5.3 shows a diagram of the laser system. The cavity of the oscillator con-
sists of a WDM, 8.5 cm of highly doped ytterbium fiber (1200 dB/m absorption
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at 976 nm), a PM 20:80 coupler with PM fiber pigtails (output coupling: 20 %)
and 0.36 m of SC-PBG fiber. The coupler also works as a polarizer, transmitting
only the light in the slow axis (extinction ration: 24 dB) and this thereby ensures
that the output from the cavity is linearly polarized. The total length of fibers
in the cavity was 1.79 m. The non-PM fibers of the cavity were all kept straight
in order to avoid polarization rotation. It is, however, unavoidable that a small
amount of light is coupled into the fast axis of the fiber pigtails of the coupler,
but this is not a problem as light coupled to the fast axis is terminated at the
coupler.

PM 20:80

Polarizer

yb−doped

300mW
pump

976nm isolator
isolator

SESAM
OUTPUT

SC−PBG WDM
Coupler and 

pump
600mW

WDM yb−doped HC−PBG

Figure 5.3: Diagram of the laser system.

One end of the SC-PBG fiber was spliced to a standard fiber using a stan-
dard Ericsson Fusion splicer. The other end of the fiber was butt-coupled to a
high reflecting dielectric mirror. The insertion loss of the SC-PBG fiber can be
seen in Fig. 5.2 (right). The long wavelength edge of the transmission band is
clearly visible > 1060 nm. The insertion loss includes the double pass through
the fiber and the double loss at the interface between the standard fiber and the
SC-PBG fiber. The high loss was found to be a combination of not only mis-
matched MFDs but also a high propagation loss in the SC-PBG fiber. In spite of
the high intra cavity losses, lasing is possible due to the high single pass gain
of ytterbium. A smaller insertion loss is believed to be possible through further
fiber design optimization.

A saturable absorber mirror (SESAM) with a modulation depth of 24 %, a
recovery time of < 500 fs, a saturation fluence of∼ 70 µJ/cm2 and non-saturable
losses of 16 % was used to mode-lock the laser. Two aspheric lenses were used
to focus onto the SESAM and the fiber end was cleaved at an angle of 8◦ in order
to avoid back reflections. A 300 mW fiber pigtailed 976 nm laser diode was used
to pump the oscillator. A fiber pigtailed 976 nm isolator was used to protect the
pump diode.

To obtain the broadest possible spectra a net GVD close to zero is needed.
However, a relative large net GVD,

∑

k 2βk
2Lk ∼ 0.004 ps2, was chosen in or-

der to reduce the significance of the large total TOD,
∑

k 2βk
3Lk ∼ 0.0013 ps3.

As a result of the large net GVD, the output pulses from the oscillator were
prestretched with a positive chirp. Cavities with a smaller net GVD were also
investigated but did not result in broader spectra. That the obtainable spectral
width is limited by the high intra cavity total TOD is further investigated by
numerical simulations below.

The amplifier consisted of an isolator, a WDM, 22.5 cm highly doped ytter-
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bium fiber (1200 dB/m absorption at 976 nm) and a FC-APC fiber connector.
A 600 mW single mode fiber pigtailed 974 nm diode laser was used to pump
the amplifier. The amplifier was spliced directly onto the oscillator and again
all non-PM sections were kept straight in order to avoid polarization evolution.
The total fiber length after the coupler was 2.5 m and the length of standard fiber
after the ytterbium fiber in the amplifier was 14.5 cm. The compressor consisted
of 2.63 m HC-PBG fiber. The transmission was measured to be 82.2% and the
low coupling loss was obtained with two aspheric lenses. Using a HC-PBG fiber
for external pulse compression has the advantage of a high transmission and a
fiber coupled output. With an additional isolator inserted after the amplifier, the
HC-PBG fiber can also be spliced to the standard fiber with low loss. However,
the available fiber pigtailed isolators have a rather high loss of -3.6 dB (56 %) at
1030 nm. Without this isolator an angle cleave of the standard fiber is needed to
suppress back reflections into the amplifier.

5.4 Experimental results

The repetition rate of the oscillator was 55.3 MHz and stable CW mode-locking
was obtained at a pump power of 145 mW. The pulse stability was measured
with an RF-spectrum analyzer and the fundamental peak was 72 dB above the
background. This corresponds to a relative amplitude fluctuation of less than
10−3 [64]. The general stability of the laser compares to that of other non-PM
fiber lasers. The laser was not environmentally stable and the output could be
affected by moving the fibers. However, stable operation was obtained if the
fibers were left untouched.

Figure 5.4 (left) shows the output spectrum of the oscillator. The spectrum
resembles that of a stretched pulse mode-locked laser in the positive net GVD
regime, but with an asymmetric spectral modulation. As shown in section 5.5
the spectral asymmetry is the result of the high intra cavity TOD. The central
wavelength of the laser was 1030 nm and the spectral 10 dB width was 17.1 nm.
The output pulse energy from the oscillator was 40 pJ and the pulses were com-
pressible to 182 fs with a bulk grating compressor. This is 15 % above the trans-
form limit. The residual incompressible chirp is ascribed to be a result of the
high TOD of the SC-PBG fiber. This was also the conclusion in reference [88]
where 160 fs pulses (40 % above the transform limit) were obtained, with the
use of HC-PBG fiber for intra cavity dispersion compensation.

The output from the oscillator was amplified and compressed in the external
amplifier and HC-PBG fiber compressor. Figure 5.4 (left) shows the output spec-
trum after the amplifier and compressor. The 10 dB width increased to 17.4 nm
at maximum amplification. Figure 5.5 (left) shows the output power after the
compressor vs. pump power of the amplifier. At the highest pump power, the
output pulse energy was 5.3 nJ. Before launching the amplified pulses into the
HC-PBG fiber, an external grating compressor was initially used to compress
the pulses. When increasing the amplifier pump power, a dependence was



5.4. EXPERIMENTAL RESULTS 55

-60
-50
-40
-30
-20
-10

 0
 10
 20
 30

 990  1000 1010 1020 1030 1040 1050 1060 1070

P
ow

er
 / 

dB

Wavelength / nm

Amplified and compressed
Oscillator

 0

 2

 4

 6

 8

 10

-4 -2  0  2  4

S
G

H
. I

nt
en

si
ty

 / 
a.

u.

Delay / ps

Experimental autocorrelation
Transform limit

Figure 5.4: Left: Output spectrum from the oscillator and output spectrum after
the amplifier and compressor at maximum amplification. Right: Experimental
autocorrelation trace at maximum amplification. The autocorrelation trace is
compared to the autocorrelation trace of the transform limited pulse, and the
deconvoluted pulse duration is 158 fs (FWHM).

observed on the compressed pulse duration. At higher pump powers shorter
pulses could be obtained and slightly less dispersion was needed in the grat-
ing compressor to find the minimum pulse duration. Due to this pump power
dependence, the length of the HC-PBG fiber was optimized to give the shortest
possible pulses at maximum amplification. The optimal length was found with
a cut-back experiment (see figure 5.5 (right)) and the shortest possible pulses
were obtained with 2.63 m of HC-PBG fiber.
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envelope) after the HC-PBG fiber as a function of pump power. Right: Cut-back
of HC-PBG fiber at the highest pump power.

Figure 5.4 (right) shows the autocorrelation trace at maximum amplifica-
tion. The autocorrelation trace is almost identical to the autocorrelation trace
calculated from the transform limited pulse, which was obtained by numerically
Fourier transforming the measured spectrum with zero phase. To deconvolute
the experimental autocorrelation trace, the trace is compared to the calculated
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autocorrelation trace. The calculated transform limited pulse has a pulse dura-
tion of 158 fs and hence the experimental autocorrelation trace is deconvoluted
to this pulse duration.

In the laser system, transform limited pulse durations were only obtained at
the highest pump power in the amplifier. To illustrate the pump power depen-
dence of the compressed pulse duration, the autocorrelation FWHM (of the top
envelope) vs. pump power after the HC-PBG fiber can be seen in Fig. 5.5 (left).
As there is a power dependence on the pulse duration, it must be a result of
nonlinear pulse propagation in the amplifier. This therefore suggests that the
decreasing pulse duration is due to the combined effect of self-phase modula-
tion and the third order chirp of the pulse as it enters the amplifier. The chirped
pulse duration (before the HC-PBG fiber) was calculated to 1.6 ps (FWHM) by
numerically adding the dispersion of the HC-PBG fiber to the transform limited
pulse. From this value the total nonlinear phase shift in the amplifier can be es-
timated to ∼ π. The third order chirp of the pulse is a consequence of the large
uncompensated TOD of the cavity. Pulses prechirped with a large third order
chirp have previously been demonstrated to have an optimal pulse duration at
a certain amount of SPM [92]. Hence SPM can also be used to compensate for
third order chirp in a pulse.

5.5 Numerical simulations

To further investigate the limiting role of TOD on the spectral width and con-
sequently on the obtainable pulse duration, a numerical simulation of the laser
oscillator was performed.

The laser was divided into five fiber sections and the nonlinear Schrödinger
equation (NLSE) for a single polarization state was solved for the separate sec-
tions in succession. Effects of the SESAM, the coupler and coupling losses be-
tween different elements were also included in between the relevant fiber sec-
tions. Numerical parameters in each section were chosen to match the physi-
cally measured or specified parameters of the fibers.

The five fiber sections were: 36 cm SC-PBG fiber, 39 cm non-PM passive
fiber, 8.5 cm yb fiber, 33 cm and 62 cm PM passive fiber, in agreement with the

Fiber type: SC-PBG non-PM yb-doped PM 1 PM 2
Length / cm: 36 39 8.5 33 62
β2 / ps2/m: -0.085 0.023 0.023 0.023 0.023
β3 / ps3/m: 1.73 · 10−5 3.9 · 10−5 3.9 · 10−5 3.9 · 10−5 3.9 · 10−5

β4 / ps4/m: -1.92 · 10−5 - - - -
β5 / ps5/m: 2.73 · 10−7 - - - -
γ / (m W)−1: 1.55·10−3 4.3·10−3 8.8·10−3 3.5·10−3 3.5·10−3

Table 5.1: Coefficients used to model the five different fibers.
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Figure 5.6: Left: Comparison between measured and calculated output spec-
tra. Right: Simulated TOD limited pulse temporal pulse shape where only the
quadratic chirp have been compensated and simulated transform limited tem-
poral pulse shape where all the chirp have been removed.

real laser. The ytterbium fiber was modeled with a total unsaturated gain of
30 dB, corresponding to g0 = 81.3 m−1, a saturation power of Psat = 0.8 mW,
and a Gaussian gain bandwidth of 40 nm (FWHM). The saturation of the gain
medium included the saturation from average powers coming from both direc-
tions. Other relevant cofficients used in the NLSE can be seen in table 5.1. The
total insertion loss of the SC-PBG fiber including the loss on the butt-coupled
mirror was 70 %. The SESAM was modeled with a modulation depth of 24 %,
non-saturable losses of 16 %, a saturation energy of 80.5 pJ and a relaxation time
of 500 fs.

From noise a pulse was iterated numerically until steady state was reached.
In figure 5.6 (left) the experimental spectrum is compared to the numerically
calculated spectrum on a linear scale. The spectral shape is slightly different,
but the strong spectral modulation and the spectral width are in good agreement
with the measured spectrum. To illustrate the residual third order chirp on the
pulse, the output pulse was numerically compressed by adding only quadratic
dispersion (β2 term) to the pulse until a minimum was found. Figure 5.6 (right)
shows the temporal shape of the pulse at this TOD limited minimum. The pulse
clearly shows signs of a third order chirp, which can be seen from the oscillations
on the right side of the pulse (compare e.g. to figure 3.6 in reference [1]). The
pulse is compared to the transform limited pulse, calculated by removing all
the chirp of the pulse. In addition to having broader shoulders to the right
side as is typical if a positive third order chirp is added, the pulse also have a
pulse duration (FWHM) which is 14 % longer than the transform limited pulse
duration. This is also in agreement with the experimental result.

To further investigate the experimentally observed limit in obtainable spec-
tral width and the role of the intra cavity uncompensated TOD, a series of simu-
lations were performed where only the length of the SC-PBG fiber was changed,
while all other parameters were kept the same. By increasing the length of the
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SC-PBG fiber, the net normal GVD is decreased and if no TOD was present in
the cavity, this would result in broader spectra. Figure 5.7 (left) shows the calcu-
lated output spectrum at three different lengths of SC-PBG fiber. The calculated
spectrum labeled ”Lpbg = 36 cm” is the same as in figure 5.6.
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Figure 5.7: Left: Numerically calculated output spectra on a linear scale from
lasers with three different lengths of SC-PBG fiber: 36 cm, 37 cm and 38 cm
corresponding to a net GVD in the laser of 0.0042 ps2, 0.0025 ps2 and 0.0008 ps2

respectively. Right: Numerically calculated output spectra from the same three
lasers except that β3 and all higher order dispersion terms have been set to zero.

No significant increase in spectral width was observed even at a net GVD
as small as 0.0008 ps2. Rather, the spectral shape and width were almost un-
changed. To clearify that the spectral width is limited by the large intra cavity
uncompensated TOD, calculations were also performed for the same three cav-
ities, only with the TOD and all higher order dispersions artificially set to zero.
Figure 5.7 (right) shows the calculated spectra. If no TOD and higher order
dispersions are present in the cavity, much broader spectra are obtained. When
comparing figure 5.7 (left) to figure 5.7 (right), it is clear that the obtainable pulse
duration is limited by the large uncompensated TOD of the cavity, and that the
experimentally obtained pulse duration cannot be significantly improved unless
the TOD is reduced inside the cavity.

5.6 Outlook

Although femtosecond fiber lasers based on chirped fiber Bragg gratings are a
more mature technology, the development of SC-PBG fiber lasers is of interest
to NKT as these lasers are not limited by patents owned by other fiber laser
manufactures. This demonstration of SC-PBG fiber as intra cavity dispersion
compensation is a large step towards an environmentally stable femtosecond
fiber laser with no sections of free space. The only problem which needs to
be solved in order to obtain a cavity with no sections of free space optics is
the removal of the two lenses in front of the SESAM. This is a problem which
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has been solved by other fiber laser manufactures and is primarily a question
of proper design of the SESAM. However, as only a very limited number of
SESAMs were available during this study, this last step will be left to others.

A much more serious concern is the environmental stability of the laser. The
environmental stability of the laser was limited by the use of non-PM fiber pig-
tailed components and primarily the non-PM SC-PBG fiber. The non-PM fiber
pigtailed components are easily replaceable with PM pigtailed alternatives, and
a birefringent version of the SC-PBG fibers is under development at Crystal Fi-
bre. Hence a environmentally stable all-fiber laser based on SC-PBG fiber for
dispersion compensation and with no sections of free space will be developed
at NKT-Research in the near future based on this study.

If a pulse duration significantly shorter than the 158 fs as demonstrated here
is required, either something has to be done to reduce the TOD of the SC-PBG
fibers or elements with opposite sign of the TOD have to be included in the cav-
ity. This is however also beyond the scope of this research. In reference [54] Ilday
et al. demonstrates pulses with a duration as short as 36 fs from an ytterbium
doped fiber laser, utilizing a bulk grating compressor for intra cavity dispersion
compensation. However, with fiber based components for dispersion compen-
sation, such as e.g. chirped fiber Bragg gratings, only pulse durations in the
order of ∼ 100 fs have been obtained from ytterbium based fiber lasers.

5.7 Summary

The use of SC-PBG fiber for intra cavity dispersion compensation in a mode-
locked fiber laser has been investigated. SC-PBG fiber possess a large TOD, and
this was both experientially and numerically verified to be the limiting factor
on the obtainable pulse duration from fiber lasers utilizing SC-PBG fibers. The
primary limitation was on the obtainable spectral width from the oscillator. Fur-
thermore, a residual third order chirp resulted in output pulses with minimum
pulse durations 15 % above the transform limit. This third order chirp was,
however, demonstrated to be removable through nonlinear pulse propagation
in an amplifier. As a result pulse durations down to 158 fs were demonstrated,
and this is significantly shorter than what can be obtained without intra cavity
dispersion compensation.
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CHAPTER 6

Self-similar all-polarization
maintaining environmentally stable
fiber laser

This chapter presents an environmentally stable self-starting fiber laser based on
a SESAM and polarization maintaining (PM) fiber pigtailed components. The
laser was designed to operated in the self-similar regime and the laser gener-
ates parabolic-like pulses. Pulse energies of 1 nJ at a repetition rate of 17 MHz
and a central wavelength of 1035 nm were obtained, and the pulses were exter-
nally compressible to a duration of 210 fs. Parabolic pulses are interesting for
direct amplification, and chapter 7 presents an amplifier based on amplification
of these pulses to the micro-Joule level. The experimental work of this chapter
and chapter 7 were done in Jena.
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6.1 Introduction

Propagation of short optical pulses with high peak powers inside optical fibers
can cause high pulse distortions and pulse break-up due to high nonlinearities
inside the fiber. Nonlinearities are important inside mode-locked fiber lasers
due to the fact that the highest allowable total nonlinear phaseshift is usually
of the order of π. If this intensity dependent phase shift is too high during one
round trip, the pulse cannot reproduce itself within a constant phase shift, and
hence the laser output fluctuates from pulse to pulse. As illustrated in chapter 3,
the laser then enters the noise-like mode-locked regime if nothing is done to
prevent it. A special kind of pulse does however tolerate a larger nonlinear
phase shift: pulses with a parabolic temporal profile:

a(t) = a0

(

1−
(

t
t0

)2)1/2

|t| ≤ t0

a(t) = 0 |t| > t0. (6.1)

The nonlinear phase shift, φNL(t) = γL|a(t)|2, accumulated by a parabolic pulse,
is also parabolic and hence adds to the chirp with a linear contribution:

c(t) = −∂φNL

∂t
=

2a0

t20
t. (6.2)

Linear chirps are compressible by other linear dispersive elements inside an
oscillator and if the pulse inside the cavity is parabolic, the laser output is no
longer limited by the nonlinear phase shift. Figure 6.1 (left) shows both a chirped
parabolic and a chirped Gaussian pulse and the contributions to their chirps
from a nonlinear phase shift of 2π (at the peak of the pulses). As can be seen
in the figure, the contribution to the chirp from the nonlinear phase shift to the
parabolic pulse is linear over the extent of pulse, whereas the chirp of the Gaus-
sian pulse is only approximately linear over the central part of the pulse and
deviates in the wings.

The nonlinear phase shift is also important in amplifiers, if the pulses are to
be compressible afterwards. It was shown in reference [32] and [23] that para-
bolic pulses with a linear chirp can be generated in high gain amplifiers. Such
pulses can propagate self-similarly - that is in a form preserving manner - in-
side fibers with normal dispersion and high gain, even if the total nonlinear
phaseshift exceeds π. As the pulse propagates, the temporal and spectral width
increases exponentially, while maintaining a linear chirp that can be removed
afterwards. The theory of parabolic pulse propagation in amplifiers will be fur-
ther deepened in chapter 7. In an oscillator, the limit on the nonlinear phase shift
can also be increased by designing the oscillator to develop parabolic pulses
and using the self-similar nature of parabolic pulse propagation. The first self-
similar oscillator was demonstrated by Ilday et al. [24]. Today the largest pulse
energies from fiber oscillators are obtained from self-similar oscillators [57]. A
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Figure 6.1: Left: Temporal profile of a linear chirped parabolic and a linear
chirped Gaussian pulse. The contributions to their chirps from a nonlinear
phase shift of 2π (at the peak of the pulses) is also shown. Right: spectra of
the two chirped pulses on a linear scale. Insert spectra on a logarithmic scale.

wide range of different pulse shapes were shown to evolve asymptotically to-
ward the parabolic shape in reference [32] and [93], but dependent on the initial
pulse shape, longer or shorter lengths of fiber were needed for the pulse to con-
verge. Self-similar oscillators generating linearly chirped parabolic pulses are
an interesting source for self-similar amplifiers, as the seed pulse from such an
oscillator does not need a long section of fiber with gain to evolve into the pa-
rabolic pulse, and hence, self-similar amplifiers based on shorter fibers can be
obtained. Furthermore, it can be shown that parabolic pulses with high peak
powers can propagate in both a form preserving and wave-breaking-free man-
ner in normal dispersive fibers both without [94] and with gain [95] - even if the
pulses have not reached the asymptotic regime.

Parabolic pulses are most easily identified by the spectrum, which is also
approximately parabolic. Figure 6.1 (right) compares the spectrum of a chirped
parabolic pulse to a chirped Gaussian pulse on a linear scale (Insert: logarith-
mic scale). The oscillations in the spectrum originates from the non-differential
points at t = ±t0 of the analytical expression of the parabolic pulse. Self-similar
oscillators are however not likely to be able to produce exact parabolic pulse,
because of these non-differential points, but as shown in chapter 7, these pulses
allow amplification beyond the nonlinear limit in an fiber amplifier.

The pulse evolution in a self-similar oscillator differs from the pulse evolu-
tion in the well known soliton [96] and stretched pulse lasers [55]. In soliton
lasers the generated pulse maintains an almost constant temporal width during
one round trip: the soliton. A stretched pulse laser consists of two sections of
fiber with normal and anomalous dispersion causing the chirp to change from
positive to negative and back to positive during one round trip [11]. In the
self-similar laser, the chirp increases monotonically as the pulse propagates in-
side the fiber, and the pulse is only compressed at points where nonlinearities
are negligible. An even more important issue for a self-similar laser is that the
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pulse must experience a large gain per round trip in order to take advantage of
the spectral bandwidth of the gain medium, to shape the pulse. The net cavity
dispersion should also be positive so that the pulse is always positively chirped.

The energy achievable in soliton fiber laser systems is limited to some ten
picojoules [97]. On the other hand, stretched pulse lasers with output energies
from tens of picojoules to some nanojoules have been reported [56, 98–100]. Self-
similar pulse evolution inside mode-locked fiber lasers has recently been shown
to extend the obtainable pulse energy beyond the limit found in stretched-pulse
lasers [57]. Therefore, the self-similar pulse regime is an interesting regime to
investigate. Previous to the publication of our paper [V], self-similar pulses had
only been generated from fiber lasers based on the nonlinear polarization evo-
lution in the ring geometry [24]. This method does not allow for the use of PM
fibers because of the walk-off between light polarized along the two axis of the
fiber. Hence, environmentally stable lasers cannot be obtained with this geome-
try as nonlinear polarization evolution in non-PM fibers is sensitive to environ-
mentally induced changes in the birefringence of the fiber. Environmentally sta-
ble fiber lasers have, however, been reported in a variety of other configurations,
based on both nonlinear polarization evolution [58, 101] and saturable absorber
mirrors [84]. However, as environmental instabilities in fiber lasers mainly arise
from environmentally induced changes in the birefringence of non-PM fibers,
the most natural approach is to use PM fibers with the light polarized only
along the slow axis. This of course eliminates the possibility of using nonlin-
ear polarization evolution. In this chapter the generation of self-similar pulses
from a linear cavity comprising only PM fibers is demonstrated.

6.2 Cavity design

Two different cavity configurations have been investigated and self-starting self-
similar pulses could be generated over a wide range of parameters such as out-
put coupling, pump power and net cavity dispersion. The two different cav-
ity configurations can be seen in figure 6.2. In both cases the mode-locking
mechanism is based on a semiconductor saturable absorber mirror (SESAM)
and highly efficient transmission gratings have been used for intra cavity dis-
persion compensation. The fiber length inside the cavity was also chosen to be
the same in the two cases and the only difference was the choice of output cou-
pling. In one case (figure 6.2(a)), the output coupler was a fixed fiber pig-tailed
coupler allowing for a fiber based output. The coupler was a thin-film 30:70 PM
coupler (output coupling: 30 %) with transmission in only the slow axis. In the
other case (figure 6.2(b)) the output coupler was based on a bulk polarizer and
a quarter-wave plate allowing a tunable output coupling. Both cases are pre-
sented here, as highest output powers were obtained from laser (b), but laser
(a) had the advantage of an fiber coupled output and was used for the setup in
chapter 7.

The gain medium was a 31 cm long highly ytterbium doped (∼ 300 dB/m
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Figure 6.2: The two different cavity designs: (a) with fiber output coupler and
(b) with variable bulk output coupler. PM - polarization maintaining, HR - high
reflection mirror, SESAM - saturable absorber mirror, PBS - polarization beam
splitter.

absorption at 976 nm) PM fiber with a mode-field diameter of 4.8 µm. The uti-
lization of the minimal length of gain fiber allows to decouple gain bandwidth
filtering from the nonlinear evolution in the undoped fiber because the effect of
GVD and nonlinearity can be neglected during the amplification [24]. This fiber
was pumped through a thin-film PM WDM by a single mode diode providing
a maximum output power of 400 mW at a wavelength of 976 nm. The passive
fibers used in the setup were Panda 980 PM fibers with mode field diameters
of ∼ 7 µm at 1035 nm and a dispersion of 0.023 ps2/m. The total fiber length
inside the cavity was 5.6 m for both cavity designs and in both cases the length
of the passive fiber on both sides of the gain medium was equal in order to cre-
ate symmetric conditions for the pulse evolution after the gain medium in both
directions. All the PM fibers were fusion spliced together with an estimated
polarization extinction ratio above 37.5 dB and all fiber ends were either angle
polished or angle cleaved.

The SESAM is commercially available [60] and is based on a non-resonant
design, using a GaAs/AlAs Bragg mirror with 27 layer pairs and 26 low tem-
perature molecular beam epitaxy grown InGaAs quantum wells in front of the
mirror. The AR coated device has a low-intensity absorption of 45 %, a modula-
tion depth of∼ 30 % and a saturation fluence of∼ 100 µJ/cm2. The recovery dy-
namics of the optical excitation has been measured in a pump-probe experiment
using 200 fs pulses. The pump-probe experiment was carried out by D. Fischer
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and G. Steinmeyer, MBI Berlin, Germany. The SESAM shows a bi-temporal im-
pulse response with a short relaxation time of < 200 fs and a slower part of 500
fs. The ratio of the fast and slow parts has been determined to 3:2.

To saturate the SESAM sufficiently a telescope was used to image the output
of the fiber onto the SESAM. To obtain self-similar pulse evolution in a SESAM
based laser, it is important to be far beyond the saturation energy, so that tem-
poral shaping in the SESAM can be neglected. In chapter 8 the opposite case is
explored where a SESAM operated close to the saturation energy is the primary
source of temporal shaping.

The transmission gratings used for intra cavity dispersion compensation
were 1250 lines/mm gratings made of fused silica [102] with a high transmis-
sion into first order (>95% at 1035 nm). The gratings were set up in Lithrow
angle (40◦) with a grating separation of 16 mm. A half-wave plate was used
between the gratings and the PM fiber to ensure excitation of only the slow axis.
In laser (b) an additional half-wave plate was also used to ensure excitation of
only the slow axis of the fiber after the polarizer. If the axis of the fiber itself
is properly aligned to the grating or the polarizer, the half wave plate can be
removed resulting in an even simpler setup. With the fiber pig-tailed coupler
used in laser (a), a half-wave plate was no longer necessary, as the coupler in
itself worked as a polarizer transmitting only light in the slow axis.

6.3 Experimental results

Special care had to be taken to align the half-wave plates to ensure excitation
of only the slow axis with a high extinction ratio. It was difficult to align the
wave-plates accurately in especially laser (b) as in this configuration there was
no polarization dependent loss inside the fiber. With the fiber pig-tailed cou-
pler/polarizer in laser (a) it was much easier, as only one wave-plate had to be
aligned. If the wave-plates were not perfectly aligned (i.e. within one degree),
smaller or larger ripples on top of the spectrum could be observed.

Self-similar spectra, characterized by a parabolic top and with steep edges [24],
with a FWHM between 8 and 12 nm dependent on the pump power, could be
obtained with a net cavity dispersion of ∼ 0.02 ps2 from both lasers. A typical
output spectrum from laser (b) is shown in figure 6.3 (left), where the FWHM
of the self-similar spectrum is 11.3 nm. As the pump power was increased the
spectral width increased monotonically, until the threshold for double-pulsing
was reached (i.e. two pulses per round trip). The relatively large value of the net
cavity dispersion of (≥ 0.02 ps2) was chosen to obtain a symmetric spectrum.

In contrast, for lower but still positive values of net cavity dispersion, broader
but asymmetric and more structured spectra could be observed, which corre-
spond to the stretched-pulse regime [57]. In the following the focus will only be
on the self-similar regime.

The highest output pulse energy was obtained from laser (b), where the out-
put coupling could be tuned. For a high output coupling coefficient the highest
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Figure 6.3: Left: Typical output spectrum on a linear scale of the laser (b) oper-
ated in the self-similar regime. Dotted curve: numerical simulation. Insert: log-
arithmic scale. Right: Autocorrelation trace of the externally compressed pulse
from laser (b) at a pulse energy of 1 nJ with an autocorrelation FWHM of 280 fs.
Inset: Uncompressed output pulse with an autocorrelation FWHM of 8.2 ps.

pulse energies of 1 nJ were obtained with a repetition rate of 17 MHz. The value
of 1 nJ is smaller than what has been obtained recently with a self-similar ring
laser [57]. However, in ring lasers more degrees of freedom are available to op-
timize the output pulse energy. The optimal pulse energy was further found
in reference [57] to be highly sensitive to the cavity length. It is expected, that
higher pulse energy can also be obtained if the cavity length of these lasers are
optimized. The focus here is however not no high pulse energy directly out of
the oscillator, but rather on a low repetition rate, enabling a higher final pulse
energy after external amplification.

The chirped self-similar output pulse of laser (b) at a pulse energy of 1 nJ
had a duration of 7.2 ps (8.2 ps FWHM on the background free autocorrelator)
(see figure 6.3 (right)), but could externally be compressed to an autocorrelation
FWHM of 280 fs on the background free autocorrelator. This corresponds to
the transform limit. The pulse duration can be calculated from the width of
the autocorrelation by assuming a transform limited self-similar spectrum of
the compressed pulse (deconvolution factor 1.33) and is from this evaluated to
210 fs. The scan range of the background free autocorrelator was 150 ps, but
to check for multiple pulsing and to ensure that there was only a single pulse
in the output, a 25 GHz photo diode in combination with a 50 GHz sampling
oscilloscope providing a scan range from 30 ps to 60 ns has been used.

Self-similar spectra similar to the spectrum shown in figure 6.3 were also
obtained from laser (a). The output pulse energy was ∼ 0.12 nJ, which could
be externally re-compressed to an autocorrelation FWHM of 350 fs. Due to the
fixed output coupling of 30%, which is lower than in the other setup, no flex-
ibility was given to find the regime of higher pulse energy and shorter pulses.
Additionally, an extra loss of 30% is introduced inside the cavity due to the fact
that the coupler is passed in both directions.
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To make sure that the lasers operates in the self similar regime some inspec-
tions have to be made. First of all, the spectrum should of course exhibit a self-
similar shape, which is fulfilled in our case. Secondly, an important condition
for self-similar evolution is that the pulse is always positively chirped inside
the cavity and with a minimum pulse duration after the intra cavity gratings
just before entering the fiber [57]. The negative dispersion given by the grat-
ing pair used for external compression (∼ −0.36 ps2 (double pass)) was higher
than that of the pair used inside the cavity. In addition, only half the length of
intra cavity fiber is passed before the pulse is coupled out. This indicates that
the pulse is still highly positively chirped before entering the fiber after the in-
tra cavity grating pair. As the dispersion from this point on inside the cavity is
positive until the pulse again reaches the intra cavity gratings, this point must
be a minimum point. As an additional verification, a numerical simulation of
the cavity was carried out. Each segment was treated separately by solving the
nonlinear Schrödinger equation with the parameters of our experimental setup.
In figure 6.3 the simulated spectrum can be seen to be in good agreement with
the measured spectrum. In the simulation the pulse exhibits self-similar pulse
propagation [57] and is always positively chirped.

In both configurations the laser was self-starting and immediately jumped
back into the same mode-locked state without any external perturbations if, for
instance the laser was switched off and back on again. Furthermore, the use
of PM fibers made the laser stable toward environmentally induced changes to
the birefringence of the fiber. The fibers could be twisted and moved around
while maintaining a stable mode-locked output. This was verified by observing
a uniform train of pulses using a fast photo diode and an analog scope.

6.3.1 Bound states

As mentioned above, it is important to verify, that only a single pulse resides
inside the cavity. This is especially true in long fiber lasers or at high intra cavity
average powers, where the power can be distribute over two or more pulses.
This occurs if two pulses result in a smaller loss, and hence a more attractive
solution to the cavity, or if the nonlinear phaseshift is so high, that a single pulse
breaks up [103, 104]. The resulting smaller pulse energy per pulse is usually an
unwanted effect. In general, these pulses are randomly separated, but under
certain conditions these pulses can be regularly spaced in the cavity. Two differ-
ent scenarios can happen. If n pulses coexist in the cavity simultaneously, they
can either be separated by TR/n where TR is the round trip time, and hence cre-
ate a pulse train with a repetition rate n times larger than the fundamental. This
is called harmonic mode-locking. Alternatively they can be spaced very closely
together with a fixed separation which is much smaller than TR. This is called
bound-state mode-locking. The later case is the most difficult to detect at first
sight, as the pulses can be difficult to resolve with ordinary oscilloscopes and
photo diodes.

Laser (a) was limited to a lower pulse energy compared to laser (b) by the
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Figure 6.4: Left: Output spectrum from the laser in the single pulse and the
bound stats regimes. Insert: zoom on the spectral fringes. Right: Autocorre-
lation of the laser output in the bound state regime (before and after external
compression).

onset of bound-state lasing. At a pump power of about 94 mW, stable self-
starting single pulse mode-locking was observed. If the pump power was now
increased, the laser switched into a new regime of operation, where two closely
bound pulses circulated inside the cavity. At a typical pumping power of 125
mW the two bound states were self-starting - i.e. if the laser beam inside the
cavity was blocked and afterwards unblocked, the laser jumped right back into
the same mode-locking state. The transition was observable both spectrally and
temporally. Figure 6.4 (left) shows the output spectrum of laser (a) in the bound
state and in the single pulse regime. The spectral width decreased slightly in
the bound state regime due to the lower pulse energy per pulse, and is strongly
modulated, which is a direct consequence of the a precise phase relationship
maintained between the two pulses. Note that the exact modulation depth can-
not be found due to the limited resolution of the spectrum analyzer (0.05 nm),
but is believed to be larger than the measured 80 %. The insert of figure 6.4 (left)
shows a zoom in on the spectral fringes. The fringes correspond to a two-wave
interference pattern with 0.19 nm period.

The autocorrelation traces of both the compressed and uncompressed two
bound states can be seen in figure 6.4 (right). The temporal separation, d, of the
two pulses was measured to 18.7 ps in correspondence with the spectral mod-
ulation period (∆λ = λ2

c·d ), and the duration of the uncompressed pulses was
8.3 ps. After external compression a pulse duration of 248 fs (410 fs autocorrela-
tion FWHM) was obtained. The slightly longer pulse duration is in correspon-
dence with the slightly narrower spectrum. In the two bound state regime the
pulse energy per pulse was 70 pJ. If the pump power was further increased,
regimes of three and even four bound states were obtained.
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6.4 Outlook

Besides the demonstration of a self-starting environmentally stable fiber laser
constructed from PM fibers only, the truly interesting aspect about the presented
laser is its output spectral shape and especially the amplification of this output
beyond the nonlinear limit in a fiber amplifier. This will be the scope of the
next chapter. As the central wavelength of the laser was 1034 nm, the laser is
a suitable candidate for amplification in short large-mode-area ytterbium fiber
amplifiers and the spectral width of the laser is also almost ideal, as broader
spectra can experience significant spectral gain narrowing in the amplifier.

6.5 Summary

In summary, it has been experimentally demonstrated that a self-starting self-
similar oscillator can be obtained with a linear cavity where a SESAM is used as
the nonlinear mode-locking mechanism. Further, the oscillator was intrinsically
environmentally stable, as only PM fibers were used. Pulses with an energy of
1 nJ at a repetition rate of 17 MHz were obtained, and the output pulse duration
was 7.2 ps, but could be externally compressed to a pulse duration of 210 fs.
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CHAPTER 7

Microjoule-level all
polarization-maintaining
femtosecond fiber source

Direct amplification of parabolic pulses from an environmental stable passively
mode-locked fiber oscillator is presented here. The pulses are amplified in an
Yb-doped single-polarization photonic crystal fiber and the special pulse shape
allows for the generation of high quality femtosecond pulses beyond the non-
linear limit. The system delivers 240 fs pulses with a pulse energy of 1.2 µJ
(21 W average power) at a repetition rate of 17 MHz and central wavelength of
1035 nm in a linearly polarized beam with diffraction-limited quality.
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7.1 Introduction

Due to the outstanding heat dissipation capabilities of a rare-earth-doped fibers,
average power scaling of fiber amplifiers is a straightforward problem, which
makes a fiber amplifier system interesting for e.g. fast material processing [13].
Furthermore, nonlinear effects during amplification can be greatly reduced by
the application of Yb-doped low-nonlinearity photonic crystal fibers with ex-
tended single-mode cores compared to step index fibers [105] and absorption
length of only some ten centimeters [106]. Especially, the possibility of making
very short fiber amplifiers makes ytterbium a better choice over e.g. erbium.
The problem with erbium is that the doping concentration in the fiber is limited
by concentration quenching due to cluster formation [107]. Hence longer fibers
are needed to obtain the same total gain, but longer fibers also result in a larger
nonlinear phase shift accumulated by the pulse. In general, the nonlinearity of
a fiber amplifier can be reduced by either decreasing its length or by increas-
ing its core size. The core size in step index fibers is limited by higher order
transverse modes. Step index fibers are only single mode (i.e. only supporting
a single transverse mode) above a specific wavelength - the cut off wavelength.
If the fiber is scaled in order to increase the core size, the cut off wavelength
will also move towards higher wavelengths and eventually above the desired
lasing wavelength. The result is an output which is no longer diffraction lim-
ited. Photonic crystal fibers (PCFs) can be designed to be endlessly single mode
(i.e. supporting only a single mode at all wavelengths) by increasing the air fill
fraction of the cladding, and hence increasing the index step between the core
and the average index of the cladding [108]. Endlessly single mode fibers can in
principle be scaled to have any core size. However, a further limit is set by the
bend losses of the fiber. Like conventional fibers, PCFs exhibit a bend loss edge
at long wavelengths. The reason for this is that the mode extends further into
the cladding at longer wavelengths, resulting in a more weakly guided mode
that will suffer a greater perturbation in response to bending. In addition to
this PCFs also have a short wavelength bend loss edge due to the wavelength
dependent effective index in the cladding [108]. As the fiber is scaled, the low
bend loss edge also moves towards higher wavelengths. A solution to this prob-
lem was introduced in reference [106] where the fiber was simply drawn into a
rod with almost zero flexibility. On the practical side, however, another prob-
lem arises with increasing core size. As the core size increases, it is increasingly
difficult to polish the core to be entirely scratch free.

Compact and environmentally stable high energy and high average power
ultra-short pulse laser sources have many applications. Examples are micro ma-
chining, marking, eye surgery (ophthalmology), index modification in trans-
parent materials (waveguide writing) and frequency conversion. In terms of
compactness, cost, reliability and ease of operation a fiber based laser system is
the predestined laser architecture. Fiber based short-pulse oscillators have been
demonstrated to be an ideal candidate for compact femtosecond laser sources [56].
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However, the pulse energy from fiber lasers is fundamentally limited by the
nonlinear phase shifts accumulated during propagation through the fibers in-
side the cavity [57]. Hence, to reach pulse energies sufficient for most applica-
tions, the laser has to be amplified.

The pulse energy is also limited in amplifiers by the nonlinearities. Depend-
ing on the pulse shape, a large nonlinear phase shift can result in a pulse which
cannot be compressed to the transform limit with linear dispersive elements
like gratings and hence the pulse quality degrades. Nonlinear effects also in-
troduce other pulse quality degrading problems, like wave-breaking where the
pulse breaks up into several pulses [94]. Wave-breaking is a consequence of
different frequency components of chirped pulses, catching up with other fre-
quency components due to different group velocities and happens to pulses
with non-monotonically varying chirps [94]. Further problems arise through
the generation of stimulated Raman scattering [109], which decreases and limits
the obtainable pulse energy and also increases the noise on the pulse. As men-
tioned in chapter 6 the final amplified pulse quality can be highly increased, if
the input pulse has a parabolic shape. The reason for this is the shape of the
nonlinear phase, which is also parabolic according to the intensity profile of the
pulses [32]. In the high power limit (see equation 7.3 below), the pulse will
remain a parabolic shape with linear chirp also after amplification [95].

So far amplified mode-locked fiber laser systems suffer from the lack of sta-
bility of non-polarization maintaining (non-PM) components. As demonstrated
in chapter 6 environmentally stable fiber lasers can be constructed using polari-
zation maintaining (PM) fibers. However, if a linearly polarized environmen-
tally stable amplified output is desired, all stages including the amplifier should
be PM. It was shown in reference [110] that a single polarization property could
be added directly to low nonlinearity PCFs, which increases stability and further
reduces the complexity of the setup by reducing polarization control [110].

In terms of average powers, impressive results from femtosecond fiber am-
plifier systems have already been obtained using non-polarization maintaining
low-nonlinearity fibers in chirped pulse amplification systems [111] and in am-
plifiers, where a parabolic pulse is created during amplification and therefore
additional pulse stretching is not necessary [112]. The nonlinearity in the ampli-
fication stage can of course be greatly reduced by incorporating temporal pre-
stretching of the pulse using e.g. bulk gratings before launching it into the am-
plifier. 1.8 µJ 220 fs pulses at 1040 nm with a repetition rate of 73 MHz were
obtained in reference [111] by applying this approach, and 100 µJ at a repetition
rate of 200 kHz was obtained in reference [14], but the bulk grating separation
of 1 m in these systems, doesn’t exactly make them compact. More compact
prestretching schemes have also been demonstrated. 6.5 µJ 940 fs pulses were
obtained at 1558 nm in reference [113] after prestretching the pulses to 720 ps
with the use of a chirped fiber Bragg grating, subsequent amplification in an
large-mode area Er/Yb-doped fiber and recompression with an bulk grating
compressor. Direct amplification without prestretching is, however, preferable
as it simplifies the setup, and large grating separations can be avoided.
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Especially, the amplification of parabolic pulses allows for the realization
of high peak powers without any significant degradation of the recompressed
pulse quality. If the pulse entering the amplifier is already parabolic, it is not
necessary to take special care of the parabolic pulse evolution in the following
amplifier stages in comparison to references [32, 112]. Consequently, the combi-
nation of an oscillator delivering parabolic pulses and a polarization-maintaining
low-nonlinearity fiber seems to provide an easy way for high-energy linearly
polarized femtosecond pulse generation. In this chapter the theory behind pa-
rabolic amplifiers and amplification of parabolic pulses will be introduced, fol-
lowed by the first demonstration of direct amplification of parabolic pulses from
a self-similar oscillator [VI]. The setup was further the first demonstration of
amplification of an environmentally stable femtosecond fiber laser in an PM and
single polarization amplifier to the microjoule level without significant pulse
quality degradation.

7.2 Theory

To understand the difference between direct amplification of parabolic pulses
and self-similar amplifiers, the theory of self-similar amplifiers is first intro-
duced. Fermann et al. [32] were the first to introduce the concept of self-similar
pulse evolution in fiber amplifiers. A solution u = u(x, t) of a nonlinear par-
tial differential equation is called self-similar if the knowledge of u at time t0 is
sufficient to obtain u for all t > t0 by a suitable rescaling.

Fermann showed that parabolic pulses are exact asymptotic solutions to the
nonlinear Schrödinger equation (NLSE):

∂a

∂z
= −i

1

2
β2

∂2a

∂t2
+ iγ|a|2a +

g

2
a, (7.1)

with constant gain, g (both spectrally and longitudinal). The analytical theory
was extended to include longitudinal gain variations, g(z), in reference [114]
and further to include variations in β2(z) and γ(z) in reference [115]. However,
the inclusion of non-constant g, β2 and γ increases the complexity of the analysis
and the essential physics can be understood from the simpler case. The only
conditions that have to be fulfilled for self-similar pulse propagation are β2γ > 0
and g > 0, which restrict the theory to normally dispersive fiber amplifiers, such
as e.g. Yb-doped fiber amplifiers.

Independently of the initial pulse shape, any pulse will evolve asymptot-
ically into a similariton - i.e. a pulse with a parabolic intensity profile and a
linear positive chirp:

a(z, t) = a0(z)
(

1−
(

t
t0(z)

)2)1/2

exp(iφ(z, t)) |t| ≤ t0(z)

a(z, t) = 0 |t| > t0(z), (7.2)
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where

a0(z) =
1

2
(gEIN )

1
3 (

2

γβ2
)

1
6 exp(

gz

3
),

is the amplitude of the parabolic pulse,

t0(z) = 3g−
2
3 (

γβ2EIN

2
)

1
3 exp(

gz

3
),

is the tFWHM /
√

2 width of the pulse, and

φ(z, t) = φ0 +
3γ

2g
a0(z)− g

6β2
t2,

the phase of the pulse. EIN is the input pulse energy, and the asymptotic solu-
tion only depends on this and on the amplifier parameters. The energy of the
parabolic pulse is E(z) = 4

3a0(z)2t0(z). The linear chirp of the pulse is given by:

δω(t) = −∂φ(z, t)

∂t
=

g

3β2
t ≡ C · t.

An approximate analytical solution of the pulse spectrum can also be calcu-
lated [114]:

|a(z, ω)|2 ' 3γa2
0

g exp( 2
3gz)

(

1−
(

ω
ω0(z)

)2)

|ω| ≤ ω0(z)

|a(z, ω)|2 = 0 |ω| > ω0(z),

with the ωFWHM/
√

2 width given by ω0(z) = C · t0(z) = g
3β2
· t0(z). The spec-

trum is also approximately parabolic [114] with a linear spectral chirp, and the
approximation is good for large chirps, C, whereas the spectrum resembles that
of a sinc function with many side-lobes if C = 0. Both the pulse energy, and
the temporal and the spectral width of the pulse increase exponentially in the
amplifier. The temporal and spectral intensity profile of a parabolic pulse can
bee seen in figure 7.1.

The generation of similaritons in optical fiber amplifiers have potential wide-
ranging applications in many areas of current optical technology, as the output
pulses have a well defined linear chirp even in the presence of input pulse dis-
tortions. Furthermore, all the energy of the input pulse is transfered into the
parabolic pulse, as opposed to the generation of solitons, where the remain-
ing energy above the soliton energy is shed off into a continuum. The intrinsic
resistance to wave-breaking of parabolic pulses allows the scaling of the fiber
amplifiers to higher-power regimes and the linear chirp facilitates efficient com-
pression. The only issue of self-similar amplification is the propagation length
over which a specific input pulse converges to the asymptotic solution.

To illustrate the asymptotic convergence towards a parabolic pulse, a cal-
culation of an Yb-amplifier has been made by solving the NLSE numerically



76
CHAPTER 7 - MICROJOULE-LEVEL ALL POLARIZATION-MAINTAINING

FEMTOSECOND FIBER SOURCE

 0

 0.2

 0.4

 0.6

 0.8

 1

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

P
ow

er
 / 

a.
u.

Time / ps

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1

 1000  1010  1020  1030  1040  1050  1060

P
ow

er
 / 

a.
u.

Wavelength / nm

Figure 7.1: Left: Calculated temporal intensity profile of a parabolic pulse with
t0 = 10 ps and C = 0.888 ps−2. Right: spectral profile of the same pulse with an
approximate parabolic shape.

with realistic parameters. The length of the amplifier was chosen to 8 m with a
constant gain, g = 0.69 m−1, corresponding to a total gain of 30 dB. The non-
linear coefficient was set to γ = 3.5 · 10−3 (m W)−1, and the dispersion was set
to β2 = 0.023 ps2/m (corresponding to coefficients of a fiber with mode-field
diameter (MFD) = 7 µm). The input pulse energy was 100 pJ, corresponding
to an output pulse energy of 100 nJ. Three different unchirped Gaussian pulses
with durations: 100 fs, 500 fs and 5 ps were used as input. In figure 7.2 the
RMS temporal duration of the pulses vs. propagation distance in the amplifier
is compared to the asymptotic limit.
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Figure 7.2: Calculated RMS temporal duration vs. propagation vs. distance in
the amplifier for three different unchirped Gaussian input pulses: 100 fs, 500 fs
and 5 ps.

The temporal duration of the pulses always converges towards the asymp-
totic solution. However the distance over which the pulses reach the asymp-
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totic solution is very dependent on the input pulse duration. This is even more
clearly seen if the output temporal and spectral intensity profiles are compared
to the asymptotic solution (see figure 7.3).
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Figure 7.3: Left: temporal output intensity profile for three different input
pulses, compared to the asymptotic solution. Right: spectral output intensity
profile compared to the asymptotic solution.

From the output spectrum (figure 7.3 (right)) it is clear that both the 100 fs
and 5 ps pulses have not yet entered the parabolic regime. For a given amplifier
and input pulse energy, an optimal input pulse duration for fast convergence
can be found by evaluating the similariton parameters at z = 0. With the ampli-
fier parameters used in the calculation and the input pulse energy, the optimal
input duration is:

t0(0) = 3g−
2
3 (

γβ2EIN

2
)

1
3 = 526 fs,

In agreement with the optimal input duration the pulse with the duration of
500 fs was the only one to come close the asymptotic solution. Another impor-
tant property was also observed from the calculations: the higher total gain in
the amplifier, the easier it is to reach the parabolic regime. However in practice
high gains are limited in an amplifier by amplified spontaneous emission (ASE).

As the theory of self-similar pulse amplifiers is based on a simplified NLSE
where e.g. spectral dependence on the gain and other nonlinear effects such
as stimulated Raman scattering (SRS) have been neglected, the theory breaks
down when these effects become important. The limit set by these effects on
the obtainable pulse energy from self-similar amplifiers was calculated in refer-
ence [109]. If the gain per meter is high then shorter fiber lengths are necessary.
However, for shorter fiber lengths the dispersion becomes less dominant and
the spectral width of the asymptotic solution broadens. Hence, the limit in high
gain amplifiers was found to be set by the finite bandwidth of the gain medium.
On the other hand, in longer amplifiers with lower gain per meter the limit set
by the generation of SRS is reached earlier. An optimal gain value can be found
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in between these two limits, depending on the input pulse energy. For an Yb-
doped amplifier with a gain bandwidth of 10.8 THz (38.2 nm) and a dispersion
of β2 = 0.020 ps2 and with an input pulse energy of 1 nJ, the optimal gain re-
sulting in maximum output pulse energy was calculated to 3.9 dB/m [109]. The
maximum output pulse energy does, however, still scale linearly with the mode
field area (MFA) of the fiber. For a fiber with MFA of 700 µm2 (equal to the
MFA of the fiber used in the experiments below), the maximum output pulse
energy was calculated to <0.5 µJ. Hence, if larger pulse energies from an ampli-
fier fiber with given dimensions are to be obtained alternative methods have to
considered, and one alternative is the direct amplification of parabolic pulses.

The theory of parabolic pulses was first introduced in 1993 by Anderson et
al. [94], where they showed that parabolic pulses are a form invariant solution
to the NLSE with zero gain, g = 0, and in the high power limit:

β2

2|a|
∣

∣

∣

∂2|a|
∂t2

∣

∣

∣
<< γ|a|2. (7.3)

Other well known examples of form invariant pulse are the soliton in the
anomalous dispersion regime, β2 < 0, and Gaussian pulses in the dispersive
only regime, γ = 0. The theory of parabolic pulses was extended in refer-
ence [95] to include a NLSE with nonzero gain. Under the assumption of equa-
tion 7.3, three differential equations for the parameters of the parabolic pulse
(equation 7.2) can be derived:

∂2t0
∂z2

=
3

2

EINγβ2

t20(z)
exp(gz) (7.4)

C(z) =
1

β2

1

t0(z)

∂t0
∂z

(7.5)

|a0(z)|2 =
3

4

EIN

t0(z)
exp(gz) (7.6)

From the first differential equation t0(z) can be numerically calculated from the
initial conditions t0(0) and (∂t0/∂z)z=0 = β2C(0)t0(0), and from t0(z) the pa-
rameters, C(z) and |a0(z)|2 can be calculated.

While the output pulses are still parabolic pulses, the output pulse differs
from the self-similar solution, as it now also depends on the input pulse parame-
ters, t0(0) and C(0). The property that any pulse (i.e. also a parabolic pulse) will
eventually evolve into the asymptotic solution if the amplifier is long enough
is still fulfilled, even though it is less apparent. To illustrate this, equations 7.4-
7.6 were solved with the same amplifier parameters as in the previous example
(figure 7.2). This time three different parabolic input pulses were chosen. The
input pulse energy was set to 1 nJ for all pulses and the spectral width was
fixed to λ0(0) = 2πc

λ2 ω0 = 5 nm, as in figure 7.1 (right). Only the pulse dura-
tion, t0(0), was varied: 1 ps, 5 ps and 10 ps. The evolution of the parameters,
t0(z) and λ0(z) vs. amplification distance for the three pulse are compared to
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the asymptotic solution in figure 7.4. To illustrate the convergence towards the
asymptotic solution for the chosen pulses, the amplifier length was extended
to 16 m, corresponding to a total (unrealistic) gain of 60 dB. After a sufficiently
long amplification distance, all input pulses converge towards the asymptotic
solution.
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Figure 7.4: Evolution of the the parabolic pulse parameters vs. amplification
distance. The parameters of the three parabolic input pulses are compared to
the asymptotic solution. Left: t0(z) Right: λ0(z)

Although the asymptotic limit is eventually reached, and although it can be
reached faster with other choices of input pulses, the interesting regime is the
regime before this happens. A very interesting property of the amplification
of parabolic pulses is that, as the input pulse does not need to evolve into the
asymptotic solution, shorter amplifiers with higher gain per meter can be used,
and the limit set by SRS can be avoided. The limit set by the finite bandwidth
of the gain medium does however still apply, but now the spectral width of the
output pulse can be controlled by the input parameters (as illustrated in fig-
ure 7.4 (right)), and hence higher pulse energies could be obtainable from the
amplification of parabolic pulses than from self-similar amplifiers. To investi-
gate this further, a more conservative estimate of the limit set by the finite band-
width can be found by neglecting the dispersion totally in equation 7.1 (β2 = 0).
Then the equation can be integrated directly under the assumption of an initial
parabolic input pulse to yield a parabolic pulse with parameters:

t0(z) = t0(0)

Pp(z) = Pp(0) exp(gz)

C(z) = C(0) + 2γ
Pp(0)

t20(0)

exp(gz)− 1

g

=
ω0(0)

t0(0)
+

3

2
γ

EIN

t30(0)

exp(gz)− 1

g

As the spectral width is still given by ω0(z) = C(z) · t0(z), the output spectral
width can be decreased for a fixed input pulse energy, EIN , and fixed input
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spectral width ω0(0) by increasing t0(0). The output spectral width can hence
be controlled to less than the spectral width of the gain medium. If t0(0) is suf-
ficiently large, the regime of chirped pulse amplification is of course reached,
where the nonlinearities can be neglected. However, the focus is here on much
smaller input pulse durations where the pulse still experiences a significant non-
linear phase shift in the amplifier.

To further illustrate the strengths of parabolic pulse amplification, the exper-
imental results from the amplification of the oscillator presented in chapter 6 are
now presented.

7.3 Experimental setup

The µJ-level all-polarization-maintaining (PM) femtosecond fiber laser source
consists of the environmentally stable and self-starting ytterbium-doped fiber
oscillator, a polarization-maintaining pre-amplifier, a single-polarization fiber
power-amplifier and a transmission grating compressor. The experimental setup
is shown in figure 7.5. For the amplifier system the oscillator with the fiber-
pigtailed 30/70 coupler was used (figure 6.2). The pre-amplifier consisted of a
WDM and a 0.55 m PM Yb-doped single-mode fiber with identical fiber charac-
teristics as the fiber used in the oscillator. The pre-amplifier was spliced to the
oscillator with an fiber-pigtailed isolator in between. Between the pre-amplifier
and the power-amplifier a bulk isolator was used for isolation. After the power
amplifier the output was directed towards the Grating compressor with a dichroic
mirror reflecting at 1034 nm and transmitting at 976 nm. A bulk isolator was also
used after the power amplifier. The power-amplifier was pumped with a multi-
mode 976 nm pump. The pump was fiber pigtailed to a 400 µm multi-mode
fiber. The pre-amplifier was pumped with a 300 mW single mode fiber-pigtailed
pump diode. Aspheric lenses were used to couple light into the power ampli-
fier. The grating compressor consisted of a pair of transmission gratings with
high transmission [102].

Output

Isolator 75W MM Pump
976nm1.2m PM Double clad Yb fiber

Compressor
Grating

976nm
SM Pump

PM Isolator

PM WDM

0.55m PM Yb
Oscillator

All−PM

Isolator

Figure 7.5: Schematic setup of the Microjoule-level all-polarization maintaining
femtosecond fiber laser system (PM: polarization maintaining, SM: single mode,
MM: multi mode, WDM: wavelength division multiplexer).
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Figure 7.6: SEM image of the polarizing low-nonlinearity Yb-doped PCF.

The power amplifier consists of an 1.2 m long ytterbium-doped single polari-
zation single-mode double-clad PCF [110] shown in figure 7.6. This fiber com-
prises index-matched stress-applying elements (SAP) as part of the photonic
cladding. The proximity of the SAP to the core ensures high differential stress,
and thus high birefringence. Additionally due to the index matching of the
SAP array to the air-hole cladding, the light is confined by both parts of the
photonic cladding: the air holes and the index matched regular array of SAPs.
Furthermore, the amount of birefringence is enough to split two polarization
states of the weakly guided fundamental mode so that the effective index of one
polarization is below the cladding index. This results in a single-polarization
large-mode-area fiber in a certain wavelength range, which is determined by the
design and lies within the amplification bandwidth of Ytterbium in the present
case. The MFA of 700 µm2 is larger than that of any step-index single-mode
fiber. The pump cladding is formed by an air-cladding outside the inner pho-
tonic cladding and has a diameter of 170 µm and a NA of 0.6. This structure has
a pump light absorption of 14 dB/m.

The power amplifier fiber was angle polished at an angle of 4◦ in order to
suppress lasing on the ends. The fiber was further mounted with a glass to glass
indexed matched interface in order to avoid melting the fiber with non-guided
pump light.

7.4 Experimental results

The parabolic output spectrum from the oscillator had a FWHM of 12.1 nm at a
fixed maximum output energy of 0.12 nJ. The spectrum from the oscillator can
be seen in figure 7.7 (left). The chirped parabolic output pulses had a pulse du-
ration of 7.2 ps (FWHM), but could externally be compressed to a pulse duration
of 260 fs. The output of the oscillator (about 2 mW average power) was ampli-
fied to 50 mW and due to the additional fiber length the pulses were stretched to
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Figure 7.7: Left: Output spectrum from the oscillator, the pre-amplifier and the
power-amplifier. Right: Autocorrelation after external compression at maxi-
mum amplification.
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Figure 7.8: Output power of the power-amplifier vs. launched pump power.

10 ps (FWHM). After direct pre-amplification, these parabolic pulses were am-
plified in the single-polarization ytterbium-doped PCF to the µJ level without
any further temporal stretching.

The output power characteristic is shown in figure 7.8. Up to 29 W aver-
age power with a slope efficiency of 72 % was obtained at a launched average
seed power of ∼ 30 mW. The polarization extinction ratio was as high as 24 dB
(1:250) even at the highest power level. The output spectra of the pre- and main
amplifier are also shown in figure 7.7 (left). The influence of self-phase modu-
lation by the slight spectral broadening and modulation can be seen. However,
the recompressed pulse quality was almost unaffected by the imposed nonlin-
ear phase. The grating separation in the grating compressor was just ∼ 2 cm
and the throughput efficiency was 73 % resulting in 21 W of recompressed av-
erage power. The measured autocorrelation is shown in figure 7.7 (right). The
autocorrelation width was 320 fs corresponding to 240 fs pulse duration (de-
convolution factor of 1.33). Consequently, the pulse peak power was as high
as 5 MW after compression. The slight reduction in pulse duration compared
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Figure 7.9: Calculated output pulses after amplification and subsequent com-
pression. Left: an initial parabolic and an initial Gaussian pulse with the same
characteristics as the pulse in the experiment. For comparison a transform lim-
ited parabolic pulse is also shown (filled circles). Right: amplification of the
parabolic pulse at three different total gains in the amplifier.

to the oscillator was made possible by the bandwidth enhancement in the am-
plification stages. At the highest power levels wings in the autocorrelation are
developing, however, they contain just a minor part of energy (compare e.g. to
the calculations below (figure 7.9)). To validate that improved pulse quality was
indeed obtained as a result of parabolic shaped pulses and in spite of the devel-
opment of these wings, the accumulated nonlinear phase shift in the amplifier
can be calculated:

φNL = γ

∫ L

0

|a(z, t = 0)|2dz (7.7)

If φNL is below 1 a linear propagation is assumed [116]. Above this value, the
pulse quality usually degrades due to the non-compressible higher order non-
linear phase [116]. According to the simplified theory for amplification of para-
bolic pulses, mentioned above, this value should not be a limit. In fact φNL was
calculated to be in the range of 8 for the present amplifier. To further prove the
importance of the pulse shape, a simulation of the amplifier was performed, by
solving the NLSE. The simulation includes dispersion, β2 = 0.020 ps2/m and
β3 = 0.00039 ps3/m, nonlinearity, γ = 2.6 · 10−4 (m W)−1, constant longitudi-
nal gain, g = 5.76 m−1 corresponding to a total gain of 30 dB in the 1.2 m long
amplifier fiber. Furthermore, the gain was assumed to have a parabolic spectral
shape with a FWHM spectral width of 40 nm. A parabolic input pulse of 10 ps
(FWHM) with a 12.1 nm FWHM spectral width and a pulse energy of 1.76 nJ
was used. For comparison a simulation was also performed on the same am-
plifier with a Gaussian input pulse with the same temporal and spectral widths
and input pulse energy. After amplification, the minimum pulse duration was
found by applying negative dispersion. Figure 7.9 (left) shows the difference
between the resulting output pulses. As seen the parabolic input pulse also cor-
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responds to a transform limited parabolic output pulse. The Gaussian pulse,
however, has developed considerable wings, containing a substantial part of
the pulse energy. With the numerical mode at hand, it is now also possible to in-
vestigate the limit of parabolic pulse amplification. According to the simplified
analytical theory above, no limit should exist in principle. However, using the
numerical model, it was found that the gain bandwidth which is not included
in the simple analytical theory influences the output pulse. The explanation for
this is that the spectral shape of the pulse is affected by the gain bandwidth and,
hence, also the temporal shape of the pulse. As the temporal shape deviates
from the ideal parabolic shape, the nonlinear phase shift accumulated by the
pulse is no longer quadratic, which can be seen by the development of wings
on the minimal pulse duration. Figure 7.9 (right) shows the resulting output
pulses from the amplification and compression of the same parabolic pulse as
used above, but with a varying gain, g, in the amplifier. Three different values
of g were chosen, corresponding to a total gain of 30 dB, 33 dB and 36 dB. As can
be seen, wings also start to develop as the gain is increased. At an amplification
of 33 dB the wings still contain an acceptable low amount of energy and at this
amplification level the nonlinear phase shift was calculated to 15.9. This is con-
siderable more than the value of 1 for other pulse shapes, such as Gaussian and
sech2 shapes. The development of wings in the experiments already at a non-
linear phase shift of 8 may be a consequence of slight deviation from an ideal
parabolic pulse already on the input side. However considerable improvement
compared to amplification of non-parabolic pulses have been obtained.

7.5 Outlook

From both the theoretical analysis and from the experimental results it is evi-
dent, that increased pulse quality can be obtained at higher pulse energies by
direct amplification of parabolic pulses. Pulse energies above the theoretical
limit predicted for self-similar amplifiers and above the nonlinear limit in the
amplifier have been experimentally demonstrated. It was however theoreti-
cally shown that amplification of parabolic pulses is also limited by the finite
bandwidth of the gain medium. Many of the limiting problems can be avoided
by controlling the input pulse parameters. The output spectral width can be
reduced by increasing the pulse duration on the input side. Even though the
principle is the same as in chirped pulse amplification, much smaller chirps are
required, as larger nonlinear phase shifts can be tolerated. If parabolic pulse
amplification is combined with a chirped pulse amplification setup, and the
pulses are chirped to 1 ns before amplification, it is predicted that multi-mJ
femtosecond pulse are feasible [14].

As illustrated by the experimental results, the initial pulse shape plays an
important role in the final pulse quality. A scaling of the pulse energy from pa-
rabolic amplifiers depends on available initial pulse shapes. As opposed to the
use of oscillators operating in the self-similar regime, where the output pulses
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are not guaranteed to be perfectly parabolic, perfect parabolic input pulses for
parabolic pulse amplifiers can be obtained from self-similar amplifiers operat-
ing sufficiently close to the asymptotic limit, and sufficiently far from the limits
set by finite bandwidth and SRS. Hence the use of parabolic pulse amplification
could be used to extend the limited pulse energy from self-similar amplifiers.
Alternatively, and perhaps much more interesting, parabolic pulses can also be
generated through linear pulse shaping in e.g. fiber Bragg gratings [117]. An ini-
tial parabolic pulse is not necessarily the best candidate for further pulse energy
scaling. The possibility of arbitrary initial pulse shapes through linear pulse
shaping may be used to overcome even the limit set by the finite bandwidth of
the amplifier. The accumulated nonlinear phase shift is primarily accumulated
during the last part of the amplifier, where the pulse peak power is highest.
Hence, an initial non-parabolic pulse shape which, as a consequence of the fi-
nite bandwidth of the amplifier, evolves into a parabolic pulse on the output
side of the amplifier, will primarily have accumulated a linear chirp, and hence
extends the limit set by the finite bandwidth.

Further power and energy scaling as a result of improved fiber design will
also be possible in the future, because single-transverse-mode PCFs with core
diameters of 60 µm and mode-field-areas of 2000 µm2 have already been real-
ized.

An alternative and very interesting approach to the generation of high en-
ergy pulses from fiber amplifiers is through the generation of cubicon pulses. As
much as 100 µJ 650 fs pulses at 50 kHz have recently been demonstrated after
prestretching in a simple single mode fiber (2 km), and after taking advantage of
a clever scheme where the nonlinear phase shift in the amplifier is used to com-
pensate for the residual third order dispersion of the pulses [118]. Although the
pulses were not transform limited, and much power still resided in the wings of
the pulses, the peak power was still impressively high.

7.6 Summary

In summary, a compact all-PM fiber femtosecond fiber laser source delivering
pulse energies up to 1.25 µJ at a high repetition rate of 17 MHz and a pulse dura-
tions of 240 fs has been demonstrated here. The use of polarization maintaining
and polarizing fibers make the polarization control redundant. Furthermore,
any complex pulse stretching is avoided in the setup. Nevertheless, the high en-
ergies are made possible by amplification of linearly chirped parabolic pulses in
low-nonlinearity single-polarization PCFs. The obtained pulse energy is higher
then the theoretically predicted limit for self-similar amplifiers. To the best of
my knowledge this was the first experimental confirmation that parabolic pulses
can lead to significant improved pulse quality in fiber amplifier systems.
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CHAPTER 8

Dispersion compensation free
mode-locked fiber laser and
supercontinuum generation

This chapter presents an environmentally stable dispersion compensation free
mode-locked fiber laser. The laser comprises only normal dispersive polariza-
tion maintaining fibers and no means of introducing anomalous dispersion are
used. A short cavity length and a SESAM with a high modulation depth sup-
plies the necessary pulse shaping to sustain stable mode-locking. The laser was
developed as seed laser for NKT’s high-average-power supercontinuum white-
light source, and a supercontinuum with an average power of > 5 W (> 1 W
in the visible, i. e. 470 nm-850 nm) is demonstrated. After this demonstration,
NKT decided to focus on the development of their own fiber laser rather than
purchasing commercially available lasers.
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8.1 Introduction

As argued in chapter 5, one of the main problems in obtaining an all-fiber envi-
ronmentally stable laser based on Yb doped fibers is the lack of environmentally
stable fiber components with anomalous dispersion in this wavelength range. If
pulses considerably shorter than 1 ps are required, anomalous dispersion for
dispersion compensation is necessary. However, for some purposes a mode-
locked laser with a narrow spectral range is preferred. For other purposes it is
the realization of a mode-locked laser with a simple, but stable setup, which is
the key issue.

Standard fibers have a high normal dispersion around 1030 nm and if a laser
was realized with no means of temporal compression the pulse duration of a
pulse launched into the laser would simply continue to increase every round
trip until the pulse would eventually catch up with itself and turn into cw-
lasing. This is not the case for lasers working solely in the anomalous disper-
sion regime. Here the nonlinear coefficient of the fiber has opposite sign of the
dispersion, and by creating a soliton, the contribution to the chirp from the non-
linear phase shift can cancel the contribution from the dispersion. In the normal
dispersion regime elements like e.g. the SC-PBG fiber used in chapter 5 have to
be used to obtaining temporal compression every round trip.
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Figure 8.1: Calculated temporal compression of a Gaussian pulse in a SESAM.
The temporal compression is plotted vs. normalized input peak power and for
different modulation depths, q0.

The increase per round trip in pulse duration due to the dispersion in the
laser depends on the spectral width of the pulse. A balance between temporal
stretching and compression can hence be found if the spectrum is sufficiently
narrow - even though the temporal compression is small. An alternative mean
to the use of linear dispersive elements for temporal compression is by a strong
nonlinear response from e.g. a SESAM. In the limit of a 100 % modulation
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depth and an unsaturated SESAM, a Gaussian pulse experiences a temporal
compression by a factor of

√
2. Figure 8.1 shows the temporal compression cal-

culated by applying the effect of a SESAM (equation. 3.3) to a Gaussian pulse.
For a smaller modulation depths than 100 % a smaller reduction is obtained,
but as shown in the following, a sufficiently strong modulation depth supplies
enough temporal compression, to obtain stable mode-locking. Dispersion com-
pensation free mode-locked fiber laser have previously been reported in refer-
ence [119]. Here an environmentally stable dispersion compensation free mode-
locked laser based solely on temporal compression in a SESAM is demonstrated.
The laser is further used for high power supercontinuum generation after exter-
nal amplification in a dispersion compensation free setup.

8.2 Experimental setup and results

Figure 8.2 shows a diagram of the laser, comprising a polarization maintaining
(PM) WDM, 32 cm of highly doped ytterbium PM fiber (300 dB/m absorption at
976 nm) and a PM 20:80 coupler with PM fiber-pigtails (output coupling: 20 %).
The coupler also works as a polarizer, transmitting only the light in the slow
axis, and hence ensures that the output from the cavity is linearly polarized.
The total length of fibers in the cavity was 1.38 m, resulting in a repetition rate
of 71 MHz.

20cm 45cm 3cm32cm15cm26cm

1p

980nm Isolator

300mW pump

WDM 20:80YB
Pigtailed mirror SESAM

Output

Lens

Figure 8.2: Diagram of the dispersion compensation free laser

A saturable absorber mirror (SESAM) with a modulation depth of 24 %, a
recovery time of < 500 fs, a saturation fluence of∼ 70 µJ/cm2 and non-saturable
losses of 16 % was used to mode-lock the laser. The other cavity mirror was a
PM fiber-pigtailed mirror. A 300 mW fiber-pigtailed 976 nm laser diode was
used to pump the oscillator and a fiber-pigtailed 976 nm isolator was used to
protect the pump diode.

Figure 8.3 (left) shows the output spectrum from the laser vs. pump power,
and figure 8.3 (right) shows the output power characteristics. As seen, stable
mode-locking is obtained over a wide pump power range.

The output pulses of the laser are highly chirped, as there is no intra cav-
ity dispersion compensation in the cavity. Figure 8.4 (left) shows the uncom-
pressed output pulse at maximum pump power. The pulse has an autocor-
relation FWHM of 16 ps, corresponding to a pulse duration of 11 ps. Fig-
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Figure 8.3: Left: Output spectrum vs. pump power. Right: output power char-
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Figure 8.4: Left: Uncompressed pulse autocorrelation trace. 16 ps autocorrela-
tion FWHM corresponds to a pulse duration of 11 ps. Right: Compressed pulse
autocorrelation trace (measured and calculated).

ure. 8.4 (right) shows the measured autocorrelation trace of the compressed out-
put pulses (compressed with an external grating compressor). The compressed
pulses were obtained with a grating separation of 15 cm, corresponding to a
total GVD of -1.97 ps2. The measured autocorrelation trace is compared to
a calculated autocorrelation trace, obtained using a pulse retrieval algorithm.
The pulse retrieval algorithm Fourier transforms the measured spectrum with a
small amount of higher order chirp in order to match the measured autocorrela-
tion trace. The measured autocorrelation trace can be seen to be in good agree-
ment with the calculated autocorrelation trace, and hence the autocorrelation
trace is deconvoluted to a pulse duration of 800 fs. Figure 8.5 shows the calcu-
lated pulse shape corresponding to the autocorrelation which gives the best fit
to the measured autocorrelation trace. This is compared to the calculated trans-
form limited pulse, and as one can see, the output pulse is slightly longer than
the transform limit.
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Figure 8.5: Temporal pulse shape of a transform limited pulse (calculated by
Fourier transforming the measured spectra with zero phase), and of the pulse
giving the best autocorrelation fit. The compressed pulse has a FWHM of 0.80
ps and is close to transform limit.

8.3 Supercontinuum generation with a dispersion com-
pensation free setup.

The above mentioned oscillator was developed as seed-laser for NKT’s high
average power supercontinuum (SC) white-light source. Supercontinuum gen-
eration in nonlinear PCFs has for several years been studied as a source of spa-
tially coherent broadband light [120]. The dispersion and nonlinearity of a PCFs
can be controlled in the fiber design. The ability to move the zero dispersion
wavelength closer to the visible wavelength range, has enabled generation of
broad SC extending all the way down into to the blue. Furthermore, a white-
light fiber delivery is highly attractive for commercial applications such as spec-
troscopy, fluorescent microscopy [121], and optical coherence tomography [6].
The fiber delivery conveniently removes any restrictions of the possible appli-
cation to the optical table and provides a diffraction limited output. The gen-
eration of wide SC in PCFs fibers has been demonstrated with femtosecond
pulses, however, the SC spectra are typically jagged and the average optical
power in the visible spectrum low. Picosecond pulses from bulk optical seed
oscillators, on the other hand, have proven efficient for the generation of high
average power, wide, and smooth SC spectra [122]. The difference between
femtosecond and picosecond pulses, when pumping in the anomalous disper-
sion regime is in the number of fundamental solitons generated. If the input
pulse is a transform limited femtosecond pulse, the soliton number is lower,
and fewer fundamental solitons are generated. Bright visible SC have been
generated through both nanosecond [123, 124] and femtosecond [125] dual-
wavelength pumping of nonlinear PCFs with the fundamental wavelength at
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∼ 1060 nm and second harmonic wavelength at 530 nm. Although the mech-
anisms behind dual-wavelength pumping are well understood [125], pumping
with high average power picosecond pulses at a single wavelength is a simpler
route toward bright visible SC. For a thorough review of supercontinuum gen-
eration in PCFs see [30].

and pre−amplifier
seed laser
ps fiber

Isolator

NL−PCF

fiber
LMA

doped
Yb

Isolator

Fiber pigtailed
20W

pump diode laser

Figure 8.6: Diagram of the dispersion compensation free supercontinuum setup

Figure 8.6 shows the setup for generation of high average power supercon-
tinuum. The seed oscillator was a 70 MHz oscillator based on the above men-
tioned mode-locking principle, but with a slightly different output coupling.
Instead of the fixed 20:80 output coupler, which introduces a loss two times per
round trip and hence splits the output power in two, a PM fiber-pigtailed polar-
izing beam splitter was combined with a quarter-wave plate. The quarter-wave
plate was inserted in between the two aspheric lenses on the SESAM side, to
yield a tunable output coupling, resembling the bulk version used in figure 6.2.
The output power from the oscillator was pre-amplified in a pre-amplifier based
on the same fibers as the oscillator, and the output launched into a non-PM large
mode area (LMA) double clad PCF, which was pumped form the other side with
a 20 W fiber-pigtailed laser diode. Figure 8.7 (left) shows a SEM image of the
LMA fiber. A dichroic mirror was used to separate the amplified output, before
it was launched into a 12 m long nonlinear (i.e. small core (MFD = 3.3 µm)) PCF.
Figure 8.7 (right) shows a SEM image of the nonlinear fiber. Bulk isolators were
used on both sides of the LMA fiber. Due to the large core of the LMA fiber
(MFD = 20 µm), it was possible to amplify the output from the pre-amplifier
directly and without significant pulse distortions, and hence stretching of the
pulse prior to the amplification and subsequent compression could be avoided.

The output from the seed laser was amplified to 8.5 W in the LMA fiber,
and the output was launched into the nonlinear PCF with an aspheric lens, re-
sulting in a maximum of 5.2 W average power supercontinuum. The generated
supercontinuum is shown in figure 8.8 on a linear scale and covers the range
from 470 nm to above 1800 nm. The visible part of the spectrum contained more
than 1.2 W average power (measured directly after spectral filtration with two
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Figure 8.7: Left: SEM image of the LMA Yb-doped fiber. The fiber has a double
cladding structure with an outer air cladding and supports single mode laser
light guidance in the core and multi mode pump light guidance in the inner
cladding. Right: SEM image of the nonlinear PCF.

broadband dielectric mirrors (465 nm to 850 nm) and hence contributions from
the seed itself and the infrared part of the spectrum are not included).

8.4 Outlook

Although the short term stability of the aforementioned laser was good, and
it could be operated for days without degradation, the long term stability (i.e.
> 100 h) was tested to be inadequate. The problem stems from the SESAM,
where the deposed heat gradually changed the parameters and as the only pulse
shaping mechanism in the laser is the nonlinear effect in the SESAM, small
changes here strongly affects the pulse. Furthermore, the presented method
is only applicable to mode-lock short lasers. If lower repetition rates (i. e. 10-
60 MHz) are desired, stronger temporal compression is required per round trip.
One possibility is the use of strong spectral filtration (e.g. by introducing a fiber
Bragg grating) to shape the pulse. Succeeding the results presented here, mode-
locked fiber lasers with repetition rates down to 20 MHz have also been realized
at NKT with the use of uniform unchirped fiber Bragg gratings for strong intra
cavity spectral filtration. A high average power supercontinuum source based
on these lasers will be commercially available in the near future. A 33 MHz
dispersion compensation free fiber laser was also build as a replacement for the
Ti:sapphire laser in our lab, and is now used for CARS microscopy. The laser
also comprised the high modulation depth SESAM and further a 2 nm broad
apodized unchirped fiber Bragg grating. After external amplification and SPM
induced spectral broadening, the output is compressed to 110 fs, and used to
create a soliton which can be red-shifted from 1030 nm and all the way out to
1450 nm in a PCF with anomalous dispersion in this range. Combined with
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Figure 8.8: Supercontinuum from the dispersion compensation free setup on a
linear scale. Insert: log scale.

another close-to transform-limited amplified picosecond output from the laser,
this constitutes an excellent source for CARS microscopy [34]. In the next chap-
ter the limit in repetition rate from a different type of short pulsed mode-locked
laser is explored, using strong spectral filtration as the primary pulse compres-
sion technique.

8.5 Summary

In summary, it has been experimentally demonstrated, that mode-locking of an
ytterbium based fiber laser can be obtained without the presence of intra-cavity
dispersion compensation. The result is an environmentally stable fiber laser
based on normal dispersive PM fiber pigtailed components only. The laser de-
livering picosecond pulses was amplified and used to generated a high average
power supercontinuum covering the range from 470 nm to above 1800 nm with
more than 1.2 W of visible power.
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CHAPTER 9

Environmentally stable low
repetition rate nonlinear
polarization rotation based fiber
laser

This chapter presents the design and realization of an environmentally stable
mode-locked fiber laser based on nonlinear polarization rotation. The laser is
based on a novel laser configuration which has negligible low power steady
state reflectivity from one side, and hence requires an alternative mechanism to
initiate mode-locking. The laser operates in the noise-like mode-locked regime,
but in spite of this, 8.3 ps pulses are obtained at a repetition rate of 2.91 MHz
and after external amplification to a pulse energy of 141 nJ, 213 mW of super-
continuum extended to the orange part of the visible spectrum is obtained from
a totally integrated system with no sections of free space optics.
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9.1 Introduction

The lasers described in this thesis so far have all been based on SESAM mode-
locking. An alternative and widely researched possibility is to use nonlinear
polarization rotation (NPR), as also described in section 2.3.3. The most fre-
quently researched laser configuration utilizing NPR is the fiber ring laser [12,
24, 42, 46, 54–57, 97]. In this laser configuration an isolator ensures unidirec-
tional pulse propagation around a fiber ring containing the gain medium. A
polarizer is included in the ring to create a nonlinear loss after NPR in the ring.
Wave plates are placed on both sides of the polarizer to control the polariza-
tion state of the light before and after NPR. Impressive results in terms of pulse
energy, duration and peak power have recently been reported from ytterbium
based fiber ring lasers [24, 54, 56, 57]. The advantage of fiber ring lasers are the
many degrees of freedom available when aligning the lasers, and hence the laser
can be pushed to limits of higher pulse energy and short pulse durations. The
disadvantage is however, as also described in chapter 6, that fiber ring lasers
cannot be implemented as intrinsically environmentally stable lasers. As NPR
is an intensity dependent distributed change of the polarization state of the light
as it propagates inside the fiber due to a non-linear coupling between the two
orthogonal polarization states, NPR is strongly coupled to the pulse polariza-
tion evolution inside the laser. Hence the NPR in the fiber ring is affected by the
polarization evolution due to bend induced birefringence in the non-PM fibers,
and this bend induced birefringence is susceptible to changing temperatures.
There are however good reasons for looking into environmentally stable laser
configurations utilizing NPR. First of all, as NPR originates from the interac-
tion with the electrons in the fiber, it is an intrinsically fast response (infinitely
fast compared to pulse durations). Furthermore, as SESAMs are one of the op-
tically most fragile components of fiber lasers, and as a strong perturbation of
a laser oscillator may cause the gain medium to Q-switch, and thereby emit a
short intense pulse of high peak power, the SESAM can easily be permanently
damaged. A solution to this problem has been found [69], and patented by
IMRA [126]. The solution involves growing a two-photon absorbing layer on
top of the SESAM, in order to prevent Q-switching. However, it is still interest-
ing to look into other possibilities for lasers operating in harsh environments.

As NPR only occurs if the light is elliptically polarized, PM fibers with light
in only one linear polarization axis cannot be used. Environmentally stable
lasers based on NPR have previously been reported [58, 101], and patented [127–
129]. All previously proposed laser configurations use a Faraday Mirror (FM)
(a Faraday rotating element with a 45◦ single pass polarization rotation com-
bined with a mirror). The FM cancels the effect of environmentally induced
changes of the birefringence. In all cases a second Faraday rotating element was
also needed, and the polarization evolution is only environmentally stable in
between the two Faraday elements. In references [58, 127–129] the rest of the
cavity comprises free space optics only. Figure 9.1 shows a diagram of a typical
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configuration [129]. In reference [101] the rest of the cavity in addition to free
space optics, also comprises a PM HC-PBG fiber in a ring configuration. Fur-
thermore, the use of NPR also requires a polarization dependent loss (e.g. in the
form of a polarizer). If an environmentally stable fiber laser based on the princi-
ple in references [58, 101, 127–129] were to be implemented with no sections of
free space optics, a fiber-pigtailed component comprising both wave-plates and
the second Faraday rotating element in a single component would have to be
manufactured, as a fiber section between the wave-plates and the second Fara-
day rotating element would not be environmentally stable - even if PM fibers
were used.

In this chapter a novel laser configuration based on the environmental sta-
bilization of a FM, but without the second Faraday rotating element is inves-
tigated. The advantages of this approach is that the laser can be implemented
with no sections of free space optics with currently available fiber pigtailed com-
ponents. Different experimental implementations of the proposed laser config-
uration are demonstrated accompanied by numerical calculations. Low repeti-
tion rate single pulse lasing can be obtained directly from the oscillators, with
the advantage of high pulse energy. The laser operates in the noise-like mode-
locked regime, but in spite of this, average pulse durations of 7.3 ps are obtained
at a repetition rate of 2.91 MHz directly from one experimental version of the
laser. After external amplification in a simple standard single-mode fiber ampli-
fier, a pulse energy of 141 nJ is obtained and after supercontinuum generation
in a photonic crystal fiber, 213 mW of supercontinuum extended to the orange
part of the visible spectrum is obtained from a totally integrated system with no
sections of free space optics. This is a more than a two fold increase compared to
what is obtainable from NKT’s commercial nanosecond based supercontinuum
source, SuperK-Red [75], (where the average power is limited by optical dam-
age of the components by the high energy nanosecond pulses). An experimen-
tally found limit in repetition rate of 360 kHz with single pulse mode-locking
is demonstrated, and was found to depend the nonlinear losses associated with
stimulated Raman scattering (SRS). Finally an all-polarization maintaining (all-
PM) fiber laser is demonstrated utilizing nonlinear polarization rotation (NPR)
in a PM fiber with the advantage of an mode-locking mechanism which is in-
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LensMirror

Laser diode
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Figure 9.1: Typical diagram of previously proposed environmentally stable fiber
lasers based on NPR [129]. (FM: Faraday Mirror).
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trinsically independent of even strong bend induced birefringence, and hence
extremely environmentally stable.

9.2 Faraday mirror

Before introducing the laser configuration, it is advantageous to look at the
theory behind the FM. The analysis involves propagation of the two orthogo-
nal polarization components of the slowly varying electrical field amplitudes
through both reciprocal and nonreciprocal elements in both directions. It is ad-
vantageous to represent the field in both a linear (LP) and circular polarized
(CP) basis. Transformations between the two basis is carried out with an uni-
tary transformation:

~ACP = U ~ALP ; ~ALP = U † ~ACP ,

where:

~ACP =
( A+

A−

)

; ~ALP =
( Ax

Ay

)

;

U =
1√
2

(

1 i
1 −i

)

; U † =
1√
2

(

1 1
−i i

)

.

To handle waves moving in both directions inside a medium, care must be
taken when choosing the coordinate system. If the coordinate system is chosen
always to be right handed orientated with its z-axis in the direction of propa-
gation, the transformations between a forward system and a backward system
can be made with a rotation around e.g. the x-axis, such that y→ -y and z→ -z.
If a propagation through a lossless linear medium with zero dispersion in the
forward coordinate system is described by the operator,

−→
O , then a propagation

through the medium in the reverse direction and in the backward coordinate
system is described by the operator

←−
O = P

−→
O tP [42, 130], where superscript t

means transposed and

P =
( 1 0

0 −1

)

takes care of changing the sign on the y-component.
A Faraday mirror consists of a Faraday rotating element and a mirror. The

mirror is described in the LP basis by:

MLP =
(

1 0
0 −1

)

,

where the -1 comes from the change of the forward to the backward coordinate
system. The Faraday rotating element rotating the light by 45◦ is represented in
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the CP bases by:

F (θF )CP =
(

eiθF 0
0 e−θF

)

,

where θF = V HL = π/4 is the Faraday rotation angle (V is the Verdet constant,
H the magnetic field, L the medium length). In the Faraday mirror the light is
first sent through the Faraday element, reflected on the mirror, and finally sent
back through the Faraday element:

FMLP = P (U †F (−θF )CP U)tP ·MLP · U †F (θF )CP U =
( 0 −1
−1 0

)

.

Notice that the Faraday rotation angle changes sign in the backward coordinate
system because the H-field is now in the -z direction.

It was shown in references [130–132] that a FM is a universal compensator for
polarization changes induced by the birefringence of an arbitrary birefringent
lossless linear medium with no dispersion. Such a general medium may be
described by a unitary transformation containing 3 free parameters (where the
4th parameter - describing a global phase - is omitted):

OLP =
(

te−iφ i
√

1− t2e−jθ

i
√

1− t2ejθ teiφ

)

.

Propagation through the birefringent medium, reflection from the Faraday mir-
ror and propagation back through the birefringent medium is described by the
operator:

P (OLP )tP · FMLP · OLP =
( 0 −1
−1 0

)

.

That is: the polarization of the reflected wave is independent of the birefringent
medium and is always perpendicular to the polarization state of the forward
moving wave. This is truly an interesting property of a FM. The operator, OLP ,
could in principle represent any combination of wave plates, or a fiber with
arbitrary bend induced and hence unknown birefringence. The property that
the reflected light is orthogonally polarized to the incoming light is also true
at any point inside the fiber. The origin of this property is that the FM rotates
the major axis of an incoming arbitrary elliptically polarized light beam with
90◦ and changes the handedness (right or left handed) without changing the
ellipticity. On propagation back through the arbitrary birefringent medium, it
appears that the orthogonal birefringent axes have been switched, and the light
now experiences the phase delays between the axes in reverse. Even if the arbi-
trary birefringence of a non-PM fiber changes due to environmentally induced
effects, the FM will compensate. A second advantage of a FM is that the group
velocity walk-off between the two different polarization axes in e.g. a PM fiber is
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also automatically compensated, as the light returns using opposite polarization
axis.

If a second Faraday rotating element is added before the arbitrary birefrin-
gent medium, the effect is:

P (U †F (−θF )CP U ·OLP )tP · FM · OLP · U †F (θF )CP U =
( −1 0

0 1

)

.

Hence the second Faraday rotating element changes the polarization state back
to the incoming polarization state. Again the -1 comes from the change of co-
ordinate system. Inclusion of polarization independent losses and polarization
independent birefringence is straight forward, as it does not change the linear
polarization evolution. On the other hand, if OLP was a nonlinear function
of the optical field, the statement that a FM compensates for the polarization
changes of an arbitrary birefringent medium is in general no longer valid. In the
special case where the medium is isotropic, lossless, dispersion free but nonlin-
ear, the operator for NPR is given by [42]:

OCP
NPR =

(

eiΦ+ 0
0 eiΦ

−

)

,

where Φ± = 2
3γL(|A±|2+2|A∓|2) is the nonlinear phaseshift. The effect of prop-

agating through the nonlinear medium, reflecting off the FM and propagating
back through the nonlinear medium, can be calculated by applying the opera-
tors in sequence to the field, ~ALP :

U †OCP
NPRU · FMLP · U †OCP

NPRU · ~ALP ,

where is was used that
−→
O CP

NPR =
←−
OCP

NPR because the medium is isotropic. Notice
that the application of each operator is not just a matrix multiplication, as the
matrix elements depend on the vector it operates on. As a result the outcome
depends on the input polarization state. To quantify this, a polarizer OLP

P :

OLP
P =

( 1 0
0 0

)

,

and a single wave plate, OLP
WP :

OLP
WP =

[

ei∆ cos2(θ) + e−i∆ sin2(θ) i sin(2θ) sin(∆)
i sin(2θ) sin(∆) e−i∆ cos2(θ) + ei∆ sin2(θ)

]

,

are further included before propagation through the nonlinear medium. The
effect of the wave plate is to change the polarization state to elliptical. ∆ = π
corresponds to a half-wave plate, ∆ = π/2 to a quarter-wave plate, etc., and θ
represent the rotation angle between the axis of the wave plate and the axis of
the polarizer. The reflection back through the polarizer can be calculated as:

~ALP
out = P (OLP

WP OLP
P )tP · U †OCP

NPRU · FMLP · U †OCP
NPRU ·OLP

WP OLP
P · ~ALP

in .
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Figure 9.2: Calculated reflection back through a polarizer, a wave plate, and a
nonlinear medium with NPR after reflection off a FM as function of normalized
input peak power. Left: With a quarter wave plate at different rotation angles.
Right: With an 8th wave, a 16th wave and a 32th wave plate at a rotation angle
of 45◦ (θ = π/4).

Figure 9.2 shows the reflection, | ~ALP
out|2/| ~ALP

in |2, for different wave plate re-
tardations, ∆, and rotation angles, θ. At smaller rotation angles or with smaller
wave plates (smaller ∆), a higher input peak power is needed to get the maxi-
mum reflection, but a higher maximum reflection is also obtained. Even more
importantly: at low input peak powers, the reflection tends towards zero. The
second Faraday rotating element was included after the polarizer and the sec-
tion of wave plates in references [58, 127–129], as a relative high low power
reflectivity is usually most practical inside a mode-locked laser, in order to start
the laser. However, as the FM thereby no longer environmentally stabilizes the
section of wave plates, free space wave plates were used in references [58, 127–
129]. The laser configuration presented in this chapter explores the possibility of
omitting the second Faraday rotating element. As a consequence an alternative
method to initiate mode-locking has to be used. Further, high reflectivities are
only obtainable at nonlinear phase shifts above the noise-free limit. The laser
should be operated on the first increasing slope if the reflectivity curve (see fig-
ure 9.2).

9.3 Proposed laser configuration

Figure 9.3 shows a diagram of the proposed laser configuration. Besides the
polarizer, the wave plates, the FM, and a long fiber between the FM and the
wave plates in which NPR can take place (referred to as NPR fiber), the laser
should also include an output coupler, a gain fiber, and a WDM to couple pump
power into the gain fiber. As only the fiber between the FM and the polarizer is
being environmentally stabilized by the FM, the rest of the cavity (i.e. the gain
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FMplates
Wave

PM WDM

PM gain fiber

Output

PM Coupler

Polarizer

Laser diode

NPR fiber

Figure 9.3: Diagram of the laser configuration.

fiber, the WDM, the coupler, and the polarizer) should be PM fibers and PM
fiber-pigtailed components and the polarizer aligned to the slow axis of these
PM fibers, so that the whole laser is environmentally stable.

9.4 Startup of mode-locked lasing

In a mode-locked laser where a specific short pulse is the most favourable so-
lution to the cavity, this pulse is not automatically guaranteed to occur as soon
as the pump power is turned on. On the contrary, most mode-locked lasers go
through a short phase of cw lasing before mode-locked lasing is initiated. A
pulse which is not the stable solution may under certain circumstances evolve
into the stable solution, and such an initial pulse may occur out of noise from
the initial cw lasing [133, 134]. This is why cw lasing usually also has to be a
good solution to the cavity with relative low losses per round trip.

0.5m yb fiber

WDM

Laser diode

Isolator

10m fiber
Output

10:90 Coupler

Output

0.5m yb fiber

WDM

Laser diode

Isolator

20:80 Coupler

50m nonlinear fiber

Figure 9.4: Top: Diagram of a self-Q-switched laser configuration with a ring
interferometer. The ring interferometer simply consists of a e.g. a 10:90 cou-
pler coupling 10 % into the loop. Bottom: Diagram of a self-Q-switched laser
configuration without a ring interferometer.

As cw lasing is not possible for the proposed laser (figure 9.3), another me-
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thod is needed to start the laser. It was shown in references [135, 136], that if
reflection from one side of a gain medium is suppressed, the laser may self-Q-
switch or passively Q-switch, generating a rather regular train of nanosecond
pulses with a spacing of the order of the lifetime of the gain medium and in-
versely proportional to the pump power (i.e. with a repetition rate in the order
of 1-10 kHz for ytterbium doped fibers). It is well known that Stimulated Bril-
louin Scattering (SBS) in a long fiber can create a nonlinear feedback mechanism
acting like an artificial saturable absorber and hence cause the generation of
nanosecond pulses. SBS is like stimulated Raman scattering (SRS), an interac-
tion with the phonons of the material, but unlike SRS, SBS is an interaction with
the acoustical phonons. Because of energy and momentum conservation in the
interaction process, the SBS gain is zero in the forward direction, and hence
the only direction with an nonzero SBS gain is in the backward direction. The
frequency shift associated with SBS (∼ 17 GHz) is much smaller than the SRS
frequency shift (∼ 13 THz). When the pulse spectrum is much broader than the
SBS gain bandwidth (i.e. for transform limited pulses shorter than ∼ 10 ps), the
effect of SBS can be neglected [1]. However, before the onset of mode-locked
lasing, SBS may play a considerable role. The passive Q-switching mechanism
was enhanced with the use of a ring interferometer in references [136, 137], and
the mechanism was found to depend on Rayleigh Back Scattering (RB) and SBS
at the resonance frequencies of the ring interferometer. This enabled self-Q-
switching even at low pump powers. Figure 9.4 (top) shows a diagram of a
typical passively Q-switched laser configuration with a ring interferometer.
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Figure 9.5: Pulse train of nanosecond pulses from a passively Q-switched fiber
laser.

Ring interferometers are however not very practical inside a mode-locked
fiber laser, because of the coupled cavity effects resulting in multi-pulsing. How-
ever, passive Q-switching can be obtained with a ytterbium doped fiber as the
gain medium in a cavity without using a ring interferometer. This is because yt-
terbium doped fibers have a pronounced tendency to self-Q-switch with pulse
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durations usually an order of magnitude shorter (i.e. ∼ 1-2 ns) and correspond-
ingly intense compared to pulses from e.g. erbium doped fiber lasers (i.e. ∼ 10-
15 ns) [135]. Figure 9.4 (bottom) shows the diagram of a passively Q-switched
laser configuration, and figure 9.5 shows a typical output pulse train of nanosec-
ond pulses. The tendency to self-Q-switch is enhanced if the long fiber has high
RB and SBS coefficients. The RB coefficient is proportional to the linear loss of
the fiber and the SBS coefficient is inversely proportional to the MFD of the fiber.
Using a short highly ytterbium doped fiber as gain medium further increases the
tendency to self-Q-switch. However, as the gain bandwidth of ytterbium over-
laps with the gain band of 976 nm pump laser diodes, it is advantageous to use
an isolator in front of the pump diode. Otherwise the interaction between the
two gain media can Q-switch the laser diode. As a result the laser facet of the
laser diode may be damaged, and the laser diode destroyed.

To incorporate the self-Q-switching mechanism as a starting mechanism of a
mode-locked fiber laser, several things have to be fulfilled. First of all the reflec-
tion into the gain medium should be suppressed from one side. This is possible
if the gain medium is not placed in the section between the polarizer and the FM.
Furthermore, the fibers on the side of the gain medium with suppressed reflec-
tion must be long enough to facilitate passive Q-switching. Finally, the feedback
in the presence of a mode-locked pulse train should be sufficient to saturate the
gain medium enough for passive Q-switching to be efficiently suppressed after
the onset of mode-locked lasing.

9.5 Experimentally implemented laser configuration

Figure 9.6 shows a diagram of the first experimentally implemented laser con-
figuration to be presented. All components in the laser were PM fiber pigtailed

PM 30:70
Coupler

29m non−PM−fiber

Loop

0.65m PM Yb−fiber

FBG FM

600mW

Laser diode

Output
SC

PM WDM

Amplifier and PCF

Output 2

Isolator
976nm

Laser diode
976nm
300mW

WDM 0.2m
Yb−fiber

PCF

Isolator
PM

Isolator
PM

Output 1

974nm

Figure 9.6: Diagram of an experimental implementation of the proposed laser
configuration. (HR: High Reflector, FBG: Fiber Bragg grating, FM: Faraday Mir-
ror). The primary output (Output 1) is connected to an amplifier and a photonic
crystal fiber (PCF) for supercontinuum generation.
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components. The fiber pigtails on all the components were Panda 980 fibers
with MFD ∼ 7 µm, and were all ∼ 1 m long. The gain medium of the laser was
a 0.65 m long yb-doped (∼ 300 dB/m absorption at 976 nm) PM fiber, pumped
through a thin-film filter WDM with a 300 mW 976 nm laser diode. The PM
yb-doped fiber had a MFD of 4.8 µm. The coupler was a 30:70 PM coupler (30 %
output coupling). The primary output is labeled ”Output 1” in figure 9.6, and
there is also a second output, ”Output 2”. PM-fiber pigtailed isolators were
used to eliminated back reflections into the cavity. The coupler serves several
purposes. The coupler is primarily used to couple light out of the cavity, but
in addition to this, it has the property that only light polarized along the slow
axis of the fiber is transmitted, and hence it effectively works as a polarizer. The
NPR fiber used between the coupler and the FM was chosen to have a relative
high loss and small MFD in order to seed initial Q-switching. The NPR fiber
was a 29 m long non-PM fiber with a MFD of 3.33 µm and 9 dB/km attenuation
at 1060 nm. The dispersion of the NPR fiber was measured to β2 = 0.046 ps2/m,
β3 = -9.6 · 10−6 ps3/m at 1030 nm.

To change the polarization state to an elliptical state at the entrance to the
NPR fiber, a small loop (with a diameter of 33 mm) was made at the beginning of
the fiber. Because of bend induced birefringence, this creates a wave plate effect
corresponding to a retardation of ∆ = 3π/8 at 1030 nm. The plane of the loop
was fixed with an small angle (θ ∼ 5◦) compared to the slow axis of the fiber,
and hence also to the axis of the polarizer. Notice that all linear birefringence
introduced by bending the fibers is canceled by the FM, and the effect of the
wave plate is only to ensure a change of the polarization state away from linear
in order to enable NPR.

An apodized unchirped fiber Bragg grating (FBG) with a bandwidth of 2 nm
at a central wavelength of 1034 nm was used as cavity mirror at the other end
of the cavity. A FBG is made by doping the fiber (with e.g. Germanium and
Hydrogen) and subsequently exposing the fiber to UV light. The energetic UV
photons create defects at the dopant sites which cause an increase of the index
of refraction of up to∼ 10−3. Phase masks are used to ensure spatial periodicity
of the UV-exposure since it is the periodic variation in the refractive index which
cause the reflection. If the periodicity of the index change increases or decreases
along the FBG, the FBG is said to be chirped, and if the periodicity does not
change, it is said to be unchirped. If the magnitude of the index modulation is
constant over the entire length of the grating, this results in spectral sidebands.
Sidebands can be avoided by varying the index modulation (e.g. with a Gaus-
sian profile) along the grating. The FBG is then said to be apodized. For further
informations about FBGs see e.g [138].

9.6 Experimental results

Mode-locking of the laser starts out from an initial phase of self-Q-switching.
Initially nanosecond pulses are generated with a rather irregular temporal spac-
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Figure 9.7: Left: Mode-locked startup from an initial Q-switched phase. Right:
RF-spectrum of the mode-locked output around the fundamental frequency.
The resolution BW was 1 kHz.
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Figure 9.8: Left: Output spectra from the laser. Dotted line: measured reflectiv-
ity of the FBG. Right: Autocorrelation trace from the primary output, ”Output
1”. (Insert: autocorrelation trace from ”Output 2”)

ing and amplitude, but as soon as mode-locking is initiated, Q-switching ceases.
This method of mode-locking differs from the well known Q-switched mode-
locking [65], where a mode-locked pulse train is generated underneath the en-
velope of a Q-switched pulse. Figure 9.7 (left) shows the transition from Q-
switched to mode-locked lasing. The mode-locked pulse train is not fully re-
solved due to sampling. The insert of figure 9.7 (left) shows the mode-locked
pulse train on a shorter time scale. The repetition rate of the laser was 2.91 MHz.

Figure 9.8 (left) shows the output spectrum from the laser on a linear scale.
The two outputs originate from the two arms of the 2x2 coupler, and the pri-
mary output, ”Output 1” is the output which has the highest output power and
shortest pulses. ”Output 2” comes from the NPR fiber side of the cavity, and
significant spectral broadening can be observed there from propagation in the
NPR fiber. The laser mode-locks at a launched pump power in the interval 180-
300 mW. At a pump power of 300 mW, the primary output power was 8.9 mW,
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and the ”Output 2” power was 0.8 mW. Both outputs were linearly polarized
along the slow axis of the PM fiber pigtails. All data presented in this section
were measured at a pump power of 300 mW. Figure 9.8 (left) also shows the
measured reflectance from the FBG as a dotted line.

Figure 9.8 (right) shows the autocorrelation trace of the primary output. The
autocorrelation FWHM of the non-oscillating part was 10.4 ps corresponding
to an average pulse duration of 8.3 ps (using a deconvolution factor of 1.25 as
found from the numerical calculations below (section 9.7)). The pulse stretches
considerably during one round trip. The insert of figure 9.8 (right) shows the au-
tocorrelation trace of the secondary output from the laser. The autocorrelation
FWHM was 58 ps corresponding to an average pulse duration of 43 ps (decon-
volution factor of 1.36). The laser contains ∼ 34 m of fibers, and due to this long
interaction length between fiber and pulse, the total non-linear phase shift accu-
mulated during one round trip is so large that the pulse cannot reproduce itself
every round trip. As a consequence the laser output is noise-like mode-locked,
with a few percent fluctuations from pulse to pulse. In figure 9.7 (right) the RF
spectrum around the fundamental laser frequency can be seen. The RF spec-
trum reveals a pedestal, which is typical for noise-like mode-locked lasers [139].
The pedestal is 38 dB below the peak. The relative energy fluctuations of the
pulses was calculated from the measured RF-spectrum to 25 % [139]. In spite of
noise-like mode-locking, the long term stability of the laser was excellent. The
long term stability was tested over a period of 200 hours, by monitoring the av-
erage output power and no variation was observed. This was despite the fact,
that the laser were simply freely lying in a cardboard box on a wooden table
in a room with no temperature control, and hence the stability is significantly
better than that of the solid state lasers in our lab, which require optical tables
and stable temperatures.

9.6.1 Amplification and supercontinuum generation

To demonstrate the applicability of the laser, the primary output, ”Output 1”
was amplified in a simple single-mode non-PM fiber amplifier, and subsequently
used for supercontinuum generation in a nonlinear photonic crystal fiber (PCF).
Figure 9.6 also shows the diagram of the amplifier and the PCF. The gain fiber of
the amplifier was a 20 cm long non-PM highly yb-doped fiber (i.e. ∼ 1200 dB/m
absorption at 976 nm). The yb-doped fiber was pumped through a non-PM fiber
pigtailed WDM with a 600 mW single-mode fiber pigtailed 974 nm laser diode.
The fiber pigtails on the WDM were kept as short as possible (i.e. < 20 cm). The
nonlinear PCF (MFD ∼ 3.3 mum) was 11.4 m long and was simply spliced to
the amplifier (splice loss: ∼ 48 %). The other end of the PCF was angle cleaved
in order to suppress back reflection into the amplifier. Figure 9.9 (left) shows
the output power from the amplifier vs. amplifier pump power before the PCF
was spliced on. The maximum output power was 410 mW corresponding to a
pulse energy of 141 nJ. Figure 9.9 (right) shows the amplified spectrum at three
different amplifier pump powers on a logarithmic scale, and only slight spectral
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Figure 9.9: Left: Output power from the amplifier vs. amplifier pump power.
Right: Amplified spectrum at three different amplifier pump powers.
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Figure 9.10: Left: Autocorrelation after maximum amplification of the primary
output. The autocorrelation FWHM of the non-oscillating part is 11 ps corre-
sponding to a pulse duration of 7.8 ps. Right: Supercontinuum generated after
pulse propagation through a photonic crystal fiber.

broadening was observed.
Figure 9.10 (left) shows the measured autocorrelation trace after amplifica-

tion. The pulse duration only increased slightly during amplification, and the
autocorrelation FWHM of the non-oscillating part was 11.0 ps at maximum am-
plification corresponding to an average pulse duration of 8.8 ps. At maximum
amplification the output power through the PCF was 213 mW. Figure 9.10 (right)
shows the supercontinuum (SC) generated after pulse propagation through the
PCF. The SC spans from 600 nm to 1750 nm. The noise from the laser also leads
to noise in the SC, but averaging times of < 1 s were found to be sufficient
for stable noise-free averaged spectra. For most linear applications of the SC
(e.g. transmission measurements etc.) such averaging times are sufficiently
short. The SC is generated through multi soliton generation and this form of
SC generation is also associated with pulse to pulse fluctuations even if the in-
put is more stable. In spite of the low average power of the SC compared to
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the SC demonstrated in chapter 8, the SC source presented here is expected to
be highly applicable in many fields, as it is based on a fully-spliced environ-
mentally stable fiber laser system, based on readily available single-mode fiber
components. Compared to other fiber laser sources, it is the low repetition rate
from this laser that enables SC generation at the power levels obtainable after
amplification with the use of standard single-mode fiber pigtailed laser diodes.
SC generation can also be obtained at higher repetition rates if shorter femto-
second pulses are used. However this requires more complicated amplification
schemes with subsequent pulse compression before launching the pulse into the
PCF. Alternatively pulse-picking can also be used.

9.7 Numerical model and simulations

An important component of the presented laser is the FBG. Besides working as
a mirror, the FBG is also the primary source of pulse shaping, which is needed to
obtain short pulses from the laser. Without this form of pulse shaping (i.e. if the
FBG is replaced by a broadband mirror), much longer pulses (i.e. > 100-1000 ps)
would be obtained from the laser. When working in the noise-like mode-locked
regime, it is possible to use strong spectral filtration to attain temporal com-
pression inside the cavity. As all the fibers in the cavity have high normal dis-
persion, and as no means of introducing anomalous dispersion are used, the
pulses circulating inside the cavity are highly chirped. As a consequence, tem-
poral compression can be obtained by spectral filtration. A numerical model
of the laser was developed to further investigate the difference between tempo-
ral compression by spectral filtration and temporal compression by dispersion
compensation, and to investigate dependence of different parameters.

The model is based on the operator algebra introduced in section 9.2 and on
solving the NLSE in each fiber segment in succession. The laser is divided into
three fiber segments: 0.65 m PM gain fiber and 4 m passive PM fiber between the
FBG and the coupler, and 30 m nonlinear non-PM fiber between the coupler and
the FM. NPR in between the coupler and the FM is handled in a similar way as in
the calculations in section 9.2, except that the effect of the NPR operator, OCP

NPR,
is replaced by an integration of the NLSE for two coupled slowly varying fields
in the CP representation (equations 2.28 and 2.29). The last two fiber segments
are modeled by the standard NLSE for a single linear polarization state (equa-
tion 2.18). As no SRS was present in the output from the experimental laser, it
is reasonable to neglect the Raman terms in the NLSE. Measured losses at inter-
sections between different components are also included. The gain medium was
modeled with an unsaturated peak gain coefficient of 25 dB/m and a Gaussian
spectral gain profile with a bandwidth of 40 nm (FWHM). A coupling between
light propagating in both directions through the gain medium was included
through the gain average power saturation. The FBG was modeled by a super
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Fiber type: Gain Passive NPR
Length / m: 0.65 4 30
β2 / ps2/m: 0.023 0.023 0.046
β3 / ps3/m: 3.9 · 10−5 3.9 · 10−5 -9.6 · 10−6

γ / (m W)−1: 6.7·10−3 3.6·10−3 14·10−3

α / m−1: 0 0 2.07·10−3

Table 9.1: Coefficients for the three different fibers used in the model of the laser.

Gaussian function to match the measured reflectivity of the FBG:

A(ω)→ A(ω) · exp
(

− 22·5 ln(2)
( ω

ωFWMN

)2·5)

,

where the FWHM bandwidth, ωFWMN, corresponds to a bandwidth of 2.0 nm.
The other relevant coefficients used in the NLSE to model the three fibers can be
seen in table 9.1.

Because of the strong pulse shaping from the strong spectral filtration, the
simulations quickly converge from a long noise pulse to a regime where the
monitored parameters fluctuate around stable values. No dependency was found
on the choice of input pulse (non-noise pulses were also tested). Furthermore,
dependency on the numerical resolution was also tested, and the number of data
points was chosen sufficiently large to eliminate any dependence on the numeri-
cal resolution. At a saturation average power of Psat = 40 mW, the calculated av-
erage output powers from the simulation matched the output powers from the
experimental laser. Although the model is simplified compared to the real laser,
and for instance does not include the unknown bend induced birefringence of
the long NPR fiber, it does reproduce the experimental data qualitatively, and
in agreement with the theory, the reflection, | ~ALP

out|2/| ~ALP
in |2, from NPR section

tends to zero, as the input peak power is decreased. The pulse experiences both
spectral and temporal broadening throughout the entire cavity and is only com-
pressed (both spectrally and temporally) at the FBG. Figure 9.11 (left) shows the
calculated averaged output spectra corresponding the the ”Output 1” and ”Out-
put 2” spectra from the experimental laser. The spectra were averaged over 1000
round trips after the noise-like mode-locked regime was reached.

Figure 9.11 (right) shows the averaged output pulse temporal shapes, and
figure 9.12 shows the averaged autocorrelation traces. The ”Output 1” aver-
aged pulse duration was 10.4 ps and the ”Output 2” averaged pulse duration
was 58 ps. The autocorrelation FWHM of the non-oscillating parts were 13.0 ps
and 79 ps respectively, and hence the deconvolution factors between the auto-
correlation FWHM and the averaged pulse duration FWHM for the two out-
puts are 1.25 and 1.36 respectively. Before calculating the averaged output pulse
temporal shape, the midpoint of the temporal window was moved to the mean
peak of the pulse. If this is not done, a spreading of the averaged pulse tem-
porals shape would be observed due to drifting pulse position in the temporal
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Figure 9.11: Left: Calculated averaged output spectra at output powers corre-
sponding to the experimentally measured values. Right: Calculated averaged
output temporal shapes.
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Figure 9.12: Calculated averaged autocorrelation trace of ”Output 1” at output
powers corresponding to the experimentally measured values. The autocorrela-
tion FWHM of the non-oscillating part is 13.0 ps. Right: Calculated autocorrela-
tion trace of ”Output 2”. The autocorrelation FWHM is 79.0 ps.

window. The averaged temporal pulse shape may, however, still be deceiving,
as the pulse changes shape due to noise fluctuations. In the calculation of the av-
eraged autocorrelation trace, the individual autocorrelation traces are however
intrinsically centered due to the definition of the autocorrelation function, and
hence the calculated averaged autocorrelation function gives a better picture of
the true average pulse duration then the directly averaged temporal shape.

A significant temporal compression is observed in agreement with the ex-
perimentally measured pulse durations. To further investigate the importance
of the FBG on the output pulse duration, a series of simulations were performed
where the bandwidth of the FBG was varied while keeping all other parameters
fixed. Figure 9.13 (left) shows the calculated ”Output 1” autocorrelation FWHM
vs. the FWHM bandwidth of the FBG. Short pulses directly out of the oscillator
are a key issue for nonlinear applications, as the laser is noise-like mode-locked,
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Figure 9.13: Left: ”Output 1” autocorrelation FWHM vs. the FWHM bandwidth
of the FBG. Right: Percentage of average power reflected of the FBG vs. the
FWHM bandwidth of the FBG.

and as pulses from noise-like mode-locked lasers are in general not compress-
ible due to the fluctuating phases from pulse to pulse. At increasing FBG band-
widths the pulse duration quickly increases, and to obtain as short pulses as
possible, it is tempting to use as narrow FBG as possible. However, there is also
a limit to how narrow a FBG one can use. When the bandwidth of the FBG is de-
creased, it slices out a smaller part of the spectrum, and this results in a shorter
pulse, but a shorter pulse also results in a stronger spectral broadening during
one round trip, and hence a smaller percentage of the power is reflected at the
FBG. Figure 9.13 (right) shows the calculated percentage of the average power
reflected of the FBG vs. the FWHM bandwidth of the FBG. In the simulations
the competition between mode-locked lasing and self-Q-switched lasing is not
included, but if the mode-locked mode experiences a too high loss in the real
laser, self-Q-switched lasing will dominate.

In figure 9.14 (left), the ”Output 1” autocorrelation FWHM can be seen as
function of pump power, and in figure 9.14 (right) the corresponding ”Output
1” averaged average power can be seen. The curve labeled ”Spectral filtration”
corresponds to the case of the FBG with a width of 2.0 nm. A very interesting
property, which was also observed experimentally, when utilizing a FBG for
temporal compression, is that the output pulse duration is constant over a wide
range of pump powers. The reason for this is that a larger pump power causes a
larger spectral and hence also temporal broadening during one round trip, but
as the grating now slices out a smaller percentage of the spectrum, this results
is an unchanged pulse duration. As with the limit in FBG bandwidth, the pump
power can not just be increased unlimitedly, as the higher loss at the FBG makes
mode-locked lasing less favourable compared to self-Q-switched lasing. Figure
9.15 (left) shows the calculated accumulated nonlinear phase shift during one
round trip, and this can be seen to be substantially larger than π which is usually
the limit of noise-free lasing.

Simulations were also performed where the FBG was replaced by an ele-
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Figure 9.14: Left: ”Output 1” autocorrelation FWHM vs. pump power repre-
sented by the gain saturation average power. ”Spectral filtration” corresponds
to simulations of a laser with an unchirped FBG with a bandwidth of 2.0 nm,
and ”Dispersion compensation” corresponds to a laser where the total disper-
sion of the cavity has been compensated by an element of infinite bandwidth.
Right: ”Output 1” averaged average power vs. pump power.

ment with infinite bandwidth, but with a total dispersion equal in magnitude
but with opposite sign as that of the rest of the cavity. This was done in order to
compare temporal compression inside the laser by use of strong spectral filtra-
tion with temporal compression by dispersion compensation. The calculations
for the latter case are labeled ”Dispersion compensation” in figures 9.14 and
9.15. Shorter pulses are in general obtainable by use of spectral filtration com-
pared to dispersion compensation - even if lasers of comparable output powers
are compared. The output pulse duration from dispersion compensated lasers
increases linearly as the pump power is increased.

Figure 9.15 (right) shows the result of simulations where the length of the
NPR fiber has been varied. Simulations of the laser with spectral filtration are
conducted at a saturation average power of the gain medium of, Psat = 40 mW,
and simulations of the laser with dispersion compensation with Psat = 20 mW.
As can be seen in the figure, the output pulse duration decreases at decreas-
ing cavity lengths. However, the property to optimize for nonlinear applica-
tions is the product between the repetition rate and the pulse duration - espe-
cially after external amplification to a specific average power level - as it is this
product which determines the peak power of the amplified pulse. This product
was however found to be virtually independent of the NPR fiber length, and
hence substantial improvements to the experimentally obtained results are not
expected to be possible with the available fiber components.
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Figure 9.15: Left: Calculated nonlinear phase vs. pump power represented by
the gain saturation average power. ”Spectral filtration” corresponds to sim-
ulations of a laser with an unchirped FBG with a bandwidth of 2.0 nm, and
”Dispersion compensation” corresponds to a laser where the total dispersion of
the cavity have been compensated by an element of infinite bandwidth. Right:
”Output 1” autocorrelation FWHM vs. NPR fiber length.

9.8 Intra cavity Raman continuum generation

To illustrate the limitations on the obtainable repetition rate set by Raman scat-
tering, results of a second experimental implementation of the laser are pre-
sented here. Figure 9.16 shows a diagram of the laser.

Coupler

HR
c)

6m PM 265m fiber
TR

PM WDM

Yb−fiber

Laser diode Isolator
PM

PM 20:80

Output 2
Output1

PM
Isolator

50m PM−fiber

FM

Figure 9.16: Diagrams of an experimental implemented laser with a repetition
rate of 360 kHz. In this laser the NPR fiber was a 265 m non-PM fiber, and the
length of the ytterbium doped fiber was 6 m. The FBG was replaced by a grat-
ing compressor. (HR: High Reflector, TR: Transmission Gratings, FM: Faraday
Mirror).

In this laser the NPR fiber was a 265 m non-PM fiber with the same fiber
characteristics as in the previous laser (figure 9.3). The length of the ytterbium
doped fiber was increased to 6 m (but otherwise also with the same characteris-
tics as before) in order to effectively move the gain band of the ytterbium fiber to
higher wavelengths. This is possible as the last (unpumped) section of the ytter-
bium fiber exhibits a wavelength dependent absorption with higher absorption
at lower wavelengths. When a long piece of ytterbium fiber is used, the 976 nm
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isolator can be omitted. As a result of the longer yb-doped fiber, an extra length
of 50 m PM fiber was needed on the ”Output 1” side in order to have sufficient
SBS and RB backscattering to start the laser. The FBG was in this laser replaced
by a grating compressor. The double pass dispersion of the grating compressor
was -2.7 ps2, and hence only a partial dispersion compensation (∆β2 = 22.1 ps2)
was obtained with this approach.
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Figure 9.17: Output 1 and Output 2 spectra from the 360 kHz laser.

The repetition rate of this laser was 360 kHz, but the pulse duration was
also long (i.e. > 100 ps). The output spectra from the laser at a pump power
of 300 mW can be seen in figure 9.17. The repetition rate and the obtainable
output pulse duration was found to be limited by the onset of SRS, and in the
”Output 2” spectrum coming from the NPR side of the cavity, the first three
stokes pulses are clearly visible. The stokes pulses are generated inside the cav-
ity, and hence correspond to a substantial loss to the mode-locked pulse. SRS
is a nonlinear loss mechanism affecting only a pulse and not a low power cw
mode, but because of the high modulation depth of the NPR fiber section, sin-
gle pulse (noise-like) mode-locking was possible with this laser configuration.
Due to the low repetition rate, this peak power was sufficient to generate a Ra-
man spectrum with a width of 190 nm. Only the spectral part overlapping with
the bandwidth of the gain medium and the grating compressor was amplified,
and the rest simply filtered out every round trip, as can be seen from the ”Out-
put 1” spectrum. Hence the output only contained the fundamental pulse. Even
though longer fiber lengths were also experimentally investigated, the 360 kHz
repetition rate constitutes the experimentally found limit in single pulse (noise-
like) mode-locking. At longer fiber lengths or at smaller net cavity dispersion
the laser jumped into a multi pulse mode where two or more noise-like pulses
were simultaneously present inside the cavity.

Although many different cavity configurations were experimentally investi-
gated (i.e. different cavity lengths, different fiber types, different compression
mechanisms and settings, etc.), short (i.e. sub 10 ps) pulses were only obtained
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at higher repetition rates, as in the laser presented in section 9.5. The primary
limitation to the output pulse duration is believed not to be set by SRS, but
rather by the nature of noise-like pulse evolution inside long sections of fiber.
Pulse durations in the 100 ps range are not really interesting, as shorter pulses
are obtainable from fast laser diodes. The approach of using a long piece of
yb-doped fiber to avoid the use of the 980 nm isolator was also found to be
inadequate to obtain shortest possible pulses.

9.9 All-polarization maintaining fiber laser

Although the FM intrinsically compensates the linear polarization evolution in-
side the non-PM NPR fiber, and hence stabilizes NPR, NPR in non-PM fibers
is still a function of the linear polarization state, and hence also of the linear
polarization evolution inside the fiber. As a consequence, the laser outputs from
the above mentioned lasers are susceptible to strong perturbations to the non-
PM fiber. Although the laser is still much more stable compared to fiber lasers
utilizing NPR in a fiber where the linear polarization evolution has not been
compensated by a FM, it would be better if the total NPR could be made inde-
pendent of the linear birefringence altogether. It was both experimentally and
theoretically demonstrated in reference [140] that NPR, to a good approxima-
tion, is independent of the linear birefringence in highly birefringent fibers with
a linear beat length much shorter then the nonlinear beat length.

A FM still has to be used to avoid problems with environmentally induced
changes of the linear polarization evolution, but if the non-PM fiber in between
the FM and the coupler is replaced by a PM fiber in which NPR can occur, the
laser can be made environmentally stable even against strong perturbations of
the fibers. When neglecting losses, dispersion and walk-off due to the group
birefringence, NPR in a PM fiber is described by [1]:

∂

∂z
Ax(t) = +iγ(|Ax(t)|2 +

2

3
|Ay(t)|2)Ax(t) +

i

3
Ax(t)∗Ay(t)2 exp(−2i∆β0z)

∂

∂z
Ay(t) = +iγ{(|Ay(t)|2 +

2

3
|Ax(t)|2)Ay(t) +

i

3
Ay(t)∗Ax(t)2 exp(2i∆β0z).

(9.1)

For NPR to occur, the polarization state must not be linearly polarized along
one of the two birefringent axes, x and y. However, as the polarization state
quickly evolves into elliptically polarized light at other input polarization di-
rections, it is sufficient to launch linearly polarized light into the fiber with an
angle between the polarization axis and the birefringent axes. This can easily be
implemented experimentally in an all-fiber solution, by splicing two PM fibers
together with an angle between the axes of the two fibers. Figure 9.18 shows
the calculated reflection through a polarizer after NPR in a 30 m long PM fiber
and reflection off a FM. The NPR fiber was modeled with nonlinear coefficient,
γ = 9.2 · 10−3 (m W)−1 and phase birefringence, ∆n = 10−4, corresponding
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Figure 9.18: Calculated reflection through a polarizer after NPR in a PM fiber
(parameters in the text). Reflection is calculated for different angles between
the polarizer and the birefringent axis of the fiber on the input side, and at the
other end the light is reflected at a FM. Solid and dashed lines represent calcu-
lations using equations 9.1, and filled circles represent calculations where the
exp(±2i∆β0z) terms in equations 9.1 have been neglected.

to ∆β0 = 610 m−1 (values are chosen to match the PM fiber used in the ex-
periments below (section 9.9.1). The reflection is calculated using equations 9.1
(solid and dashed lines) for different angles, θ, between the polarizer and the
axis of the PM fiber.

Again the reflection initially increases from zero with increasing peak power.
The highest reflection is obtained at angles closest to θ = 45◦, but also requires a
higher peak power. Compared to figure 9.2, higher peak powers corresponding
to higher nonlinear phase shifts are also required to obtain maximum reflectiv-
ity.

As the exp(±2i∆β0z) terms in equations 9.1 are very fast oscillating func-
tions of z and hence on average effectively do not contribute to the NPR, they
can to a very good approximation be neglected. The filled circles in figure 9.18
represent calculations were the exp(±2i∆β0z) in equations 9.1 have been ne-
glected, and as can be seen, the results are indistinguishable from the calcula-
tions where the exp(±2i∆β0z) terms were not neglected. This approximation is
the high-birefringence approximation of the NLSE leading to equations 2.30 and
2.31. As the environmentally induced changes to the birefringence of the fiber is
contained in ∆β0(z), the NPR is hence independent of environmentally induced
changes to the birefringence when the exp(±2i∆β0z) terms in equations 9.1 are
negligible.
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Figure 9.19: Diagram of the all-PM laser configuration.

9.9.1 Experimental setup and results

All-PM versions of the proposed laser configuration with NPR in a PM fiber
have also been investigated experimentally. For the experiments a PM fiber with
a MFD of 4.11 µm, and an attenuation of 8 dB/km at 1060 nm was used. The
group birefringence of the fiber was measured to: ng ∼ 0.35 · 10−4 at 1030 nm.
This corresponds to a group velocity mismatch of 117 fs/m. The dispersion
of the PM fiber was measured to β2 = 0.024 ps2/m, β3 = 10.2 · 10−6 ps3/m at
1030 nm. Short pulses (i.e. sub 10 ps) were only obtained at higher repetition
rates compared to the version with NPR in a non-PM fiber. Here results from an
5.96 MHz version of an all-PM laser is presented. Figure 9.19 shows a diagram of
the laser configuration. The laser was identical to the laser shown in figure 9.6,
except that the 29 m long non-PM NPR fiber was replaced with an 11 m long
PM fiber.

At an angle of θ ∼ 30◦ between the slow axis of the coupler (polarizer) and
the slow axis of the PM fiber, and at a pump power of 300 mW, self-starting
noise-like mode-locking was obtained. The pump power could be turned back
down to ∼ 150 mW before mode-locking ceased. The repetition rate of the laser
was 5.96 MHz, and the ”Output 1” and ”Output 2” powers were 8.0 mW and
0.50 mW respectively. Figure 9.20 (left) shows the output spectra from the laser
at a pump power of 300 mW on a linear scale (Insert: logarithmic scale). The
FWHM spectral width was 1.17 nm and 1.87 nm of ”Output 1” and ”Output 2”
respectively.

Figure 9.20 (right) shows the measured autocorrelation trace. The FWHM of
the non-oscillating part of the autocorrelation trace was 7.0 ps, corresponding
to an average pulse duration of 5.6 ps (deconvolution factor 1.25). The RF spec-
trum around the fundamental laser frequency can be seen in figure 9.21 (left).
The pedestal was 38 dB below the peak. The calculated relative energy fluctu-
ations were 6.1 %, and hence less than the relative energy fluctuations from the
2.91 MHz laser with NPR in a non-PM fiber. The stability of the laser was also
excellent, and the fibers (even the NPR fiber) could be moved around and bend
strongly without any detectable change to the output power, pulse spectra or
autocorrelation trace. The long term stability of the laser was also tested over
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Figure 9.20: Left: Output spectrum from the all-PM laser at a pump power of
300 mW. Insert: logarithmic scale. Right: Autocorrelation trace of the ”Output
1” pulse. The autocorrelation FWHM of the non-oscillating part was 7.0 ps.

a period of 200 hours. Figure 9.21 (right) shows the measured output power
from the laser. The output power was measured with a setup with a very fast
integration time, so that variations in the average output power due to pulse
to pulse fluctuations can be seen. The standard deviation was 0.25 mW, and
no long time variations in the average output power was observed. In spite of
the quite large variations in the output power, the average value does hence not
change on a long time scale. The insert of figure 9.21 (right) shows the measured
output power over a time period of 2 s and with a sampling rate of 1 kHz. As
can be seen, the fluctuations are very rapid, and can be easily averaged out over
averaging times of ∼ 1 s.
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Figure 9.21: Left: RF-spectrum of the mode-locked output around the funda-
mental frequency at a pump power of 300 mW. The resolution BW was 1 kHz.
Right: Long term output power stability measurement of the all-PM laser. The
measurement shows quite large pulse to pulse fluctuations but a stable average
power level. Insert: Output power on a short time scale measured with sam-
pling rate of 1 kHz.
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9.10 Summary

In summary, a new mode-locked laser configuration has been investigated the-
oretically and experimentally. The mode-locking mechanism is based on NPR,
and environmentally stable low-repetition rate laser outputs are possible form
lasers with no sections of free space optics. The mode-locked state is noise-like
with pulse to pulse fluctuations. However, as there are no long term fluctu-
ations, the outputs can easily be averaged. An alternative approach of using
strong spectral filtration instead of dispersion compensation for intra cavity
pulse shaping was investigated theoretically and experimentally. This approach
resulted in the shortest pulses obtained from the proposed laser configuration.
Highest environmental stability was obtained form an all-PM laser with NPR
in a PM fiber. The laser is further demonstrated to be stable towards self-Q-
switching of the gain medium (and in fact uses this mechanism to start-up), and
optically fragile components like SESAMs and pump lasers can be omitted or
isolated. As an application of the proposed laser configuration 213 mW of su-
percontinuum (600 nm to 1750 nm) was demonstrated form an fiber laser system
with no sections of free-space optics.

9.11 Outlook

The proposed laser configuration with NPR between a FM and a polarizer is in-
teresting as it is implementable as an all-fiber environmentally stable fiber laser.
The combination of a FM and a polarizer, however, does not allow for noise-free
mode-locking, as high feedbacks are only possible at nonlinear phase shifts be-
yond the noise-free limit. For applications where short term averaging is not a
problem, but where the long term stability is important, this type of laser con-
figuration may be a good solution. Furthermore, short (i.e. sub 10 ps) single
pulsed lasing is possible from this type of configuration at repetition rates in the
1-6 MHz range, and this range is interesting for fast material processing. Low
repetition rates are however also obtainable through pulse picking of noise-free
lasers, but this requires more complicated and expensive setups, the proposed
laser configuration may hence be a cheaper alternative for some applications. It
is however believed, that the laser is best suited as a stable source for simple SC
generation.
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Summary and perspectives

The focus of this thesis has been the development of new mode-locked fiber
lasers and fiber laser systems. The recent development of photonic crystal fibers
(PCF) has provided new fiber based products which are highly interesting for
the development of such systems. The flexibility and design freedoms of PCFs
enable interesting new possibilities compared to standard fibers. A main part of
this work has been devoted to the investigation of different applications of such
PCFs, and how they can contribute to the development of mode-locked fiber
laser systems.

A primary requirement for the generation of femtosecond pulses from fiber
laser systems operating near 1 µm and with no sections of free space optics,
is the availability of fiber based components with anomalous dispersion. In
chapter 5 a fiber laser based on a solid-core photonic bandgap (SC-PBG) fiber
for intra cavity dispersion compensation was demonstrated. SC-PBG fibers are
highly integrable with standard fibers and can be spliced to these without in-
troducing Fresnel reflections. The pulse duration was found to be limited by
the high third order dispersion of the SC-PBG fiber. However, a pulse dura-
tion comparable to pulse durations obtainable from other fiber lasers with fiber
based dispersion compensation was demonstrated. 158 fs pulses were obtained
after external compression in a hollow core photonic bandgap (HC-PBG) fiber.
HC-PBG fibers enables fiber based outputs and external compression without
high nonlinear induced pulse distortions.

An alternative to the use of linear dispersive elements for intra cavity disper-
sion compensation was investigated in chapter 8. After external compression,
800 fs pulse durations were obtained form a fiber laser based on temporal com-
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pression in a high modulation depth SESAM. More importantly, the laser was
used for high average power blue-extended supercontinuum generation in a
small core PCF after amplification in a setup with no dispersion compensation
elements.

Within recent years, fiber laser systems have become a serious alternative
to the classical solid-state laser systems. A major reason for this development
is the development of high efficiency ytterbium based fiber amplifiers, which
combined with high power laser diodes enables average power amplification
even to the kW level. Ytterbium doped amplifiers with output power levels of
10-100 W combined with a mode-locked fiber laser seed source, provides com-
petitive alternatives to other amplified mode-locked fiber laser systems. An im-
portant property of such systems is the stability towards changing conditions in
the surrounding environment. Such changes can affect the output from mode-
locked fiber lasers and the polarization evolution in amplifiers with the result
of decreased throughput and pulse quality after final compression in grating
compressors. In chapter 6, an environmentally stable mode-locked fiber laser
was presented, and in chapter 7 amplification of this oscillator to the micro-
Joule level was demonstrated in an environmentally stable setup. The setup
was based on a single mode polarization maintaining (PM) standard fiber oscil-
lator and a large core single mode double clad PM PCF amplifier.

A primary limitation to the generation of high pulse peak powers from fiber
based systems is the high nonlinear phase shift accumulated by a pulse due
to tight confinement and long interaction lengths in fibers. To reach the highest
pulse energies without high pulse distortions in chapter 7, advantage of the spe-
cial pulse output shape from the oscillator was taken, and this enabled nonlinear
phase shifts above the nonlinear limit. The oscillator operated in the self-similar
regime, and hence generated parabolic like pulses. Direct amplification of para-
bolic pulses was further investigated theoretically in chapter 7, and compared
to self-similar amplifiers, this approach was found to have a higher theoretical
limit of the obtainable pulse energy.

To utilize the full potential of fibers in fiber lasers, experimental implementa-
tions should be realized with no sections of free space optics. Prior to this work,
intrinsically environmentally stable mode-locked fiber lasers with no sections
of free space optics have only been demonstrated with the use of PM fibers and
with a SESAM as the mode-locking mechanism. In chapter 9, an intrinsically
environmentally stable mode-locked fiber laser with no sections of free space
optics and based on nonlinear polarization rotation was demonstrated. As an
application, super continuum generation from a stable source with no sections
of free space optics was proposed and demonstrated.

The further development of fiber laser systems is also in the future expected
to depend highly on the continued development of PCFs. Especially the devel-
opment of double clad PCFs with larger cores will push the obtainable pulse
energies and peak powers even further. On the integrability side, there is also
a lot of work to be done in obtaining amplification to the highest power levels
without sections of free space optics. As fiber laser systems with higher stability
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are developed, the number of applications will also continue to increase, and
in the future, mode-locked fiber lasers will perhaps find applications on much
broader commercial markets. In the near future, it is likely that the realization
of commercial high average power supercontinuum sources will have a high
impact on areas such as e.g. microscopy and spectroscopy in fields of medicine,
biology and chemistry, and hence bring applications of mode-locked fiber laser
out of the optical laboratories.





125

Bibliography

[1] G. P. Agrawal. Nonlinear Fiber Optics. Academic Press, San Diego, CA.
(1995).

[2] C. L. Thomsen, D. Madsen, S. R. Keiding, J. Thøgersen, and O. Chris-
tiansen. “Two-photon dissociation and ionization of liquid water studied
by femtosecond transient absorption spectroscopy”. J. Chem. Phys., 110,
no. 7, pp. 3453–3462 (1999).

[3] T. Udem, R. Holzwarth, and T. W. Hänsch. “Optical frequency metrol-
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R. Fluck, C. Hönninger, N. Matuschek, and J. A. der Au. “Semiconductor
Saturable Absorber Mirrors (SESAM’s) for Femtosecond and Nanosecond
Pulse Generation in Solid-State Lasers”. IEEE J. Selected Top. in Quantum
Electron., 2, no. 3, pp. 435–445 (1996).

[66] L. R. Brovelli and U. Keller. “Design and operation of antiresonant
Fabry-Perot saturable semiconductor absorbers for mode-locked solid-
state lasers”. J. Opt. Soc. Am. B, 12, no. 2, pp. 311–322 (1995).
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