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Abstract

The extreme broadening phenomenon of supercontinuum (SC) genera-
tion in optical fibers is the basis of SC laser sources. These sources have
numerous applications in areas, such as spectroscopy and microscopy
due to the unique combination of extremely broad spectral bandwidths,
high spectral power densities, and high spatial coherence.

In this work the feasibility of applying gain-switched all-fiber lasers
to SC generation is investigated. It is motivated by the simplicity of the
architecture and the ability to scale the optical output power of such
fiber lasers.

The physics of fiber lasers are reviewed to understand the mecha-
nisms involved in gain-switching. A detailed numerical model is pro-
vided to give deep insight into the different stages of pulse generation.
A simplified model is also developed to derive an analytic expression for
the pulse duration.

Extensive experiments with gain-switching of fiber lasers with a va-
riety of different configurations are carried out. The peak power, pulse
duration, bandwidth, and scaling with repetition rate are thoroughly
described. General guidelines are submitted to enable designing of gain-
switched fiber lasers with specifically tailored properties.

The physics of SC generation are reviewed with focus on the quasi-
continuous wave pumping regime. Experiments with a gain-switched
fiber laser as a pump for SC generation in photonic crystal fibers are
carried out. Requirements for efficient SC generation are analyzed. Fi-
nally, an optimization of photonic crystal fibers for gain-switched fiber
laser-pumped SC generation is presented.






Resumé (in Danish)

Den danske titel pa projektet er noget i stil med: Forsterkningsmod-
ulerede fiberlasere og kvasi-kontinuerligt superkontinuum generering.

Det ekstreme udvidelsesfaenomen superkontinuum generation i op-
tiske fibre er grundlaget for superkontinuum laser kilder. Disse kilder
har en lang reekke anvendelser inden for omrader som spektroskopi og
mikroskopi pa grund af den unikke kombination af den ekstremt brede
spektrale bandbredde, hgj spektral effektteethed og hgj rumlig koheaerens.

I dette projekt undersgges muligheden for at benytte forsteerkn-
ingsmodulerede fiberlasere til superkontinuum generation. Dette pro-
jekt er motiveret af enkeltheden og muligheden for at skalere den optiske
effekt af sadanne fiberlasere.

Fysikken bag fiberlasere gennemgas for at forsta de mekanismer, der
er involveret i forstaerkningsmodulering. En detaljeret numerisk model
er beskrevet for at give dyb indsigt i de forskellige faser af pulsgenerin-
gen. En forenklet model er ogsa udviklet til at gore det muligt at finde
et analytisk udtryk for pulsvarighed.

Omfattende eksperimenter med forstaerkningsmodulering af fiber-
lasere med en rasekke forskellige konfigurationer er udfgrt. Spids-effekt,
pulsvarighed, den spektrale bandbredde, og skalering med repetition-
sraten er grundigt beskrevet. Generelle retningslinjer er fremsat som
muligger at designe en forsteerkningsmoduleret fiberlaser med specifikke
egenskaber.

Fysikken bag superkontinuum generation gennemgas med fokus pa
det kvasi-kontinuere pumpingsregime. Eksperimenter med en forsteserkn-
ingsmoduleret fiberlaser som pumpe til superkontinuum generation i fo-
toniske krystal fibre er udfgrt. Betingelser for effektiv superkontinuum
generation er analyseret. Endelig er en optimering af fotoniske krys-
tal fibre til forsteerkningsmoduleret fiberlaser pumpet superkontinuum
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generation fremlagt.
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This thesis is submitted for the degree of Doctor of Philosophy to the
Technical University of Denmark.

This PhD-project has been prepared from the August, 2010 to De-
cember, 2013 by the author. It has been carried out as a part of the
research project ”Intelligent Tapers and Seeding for taming the optical
Rogue wave and develop stable deep-blue Supercontinuum light sources”
(ITRUS) supported by the Danish Research Council for Technology and
Production Sciences, (Ref. 09-070566). The project partners were DTU
Fotonik — the Department of Photonics Engineering at the Technical
University of Denmark and NKT Photonics A/S in Birkergd. The su-
pervisors were Professor Dr. Ole Bang, DTU Fotonik, Senior Researcher
Dr. Kent Mattsson, DTU Fotonik, Senior Scientist Dr. Peter M. W.
Skovgaard, and Head of Marketing Dr. Kim P. Hansen, NKT Photonics.
NKT Photonics delivered experimental expertise and equipment, and a
large part of the project is therefore carried out in Birkergd.

The PhD-project also included a three month external stay at Fraun-
hofer Institute for Laser Technology in Aachen, Germany. The goal of
the project was to investigate the feasibility of second harmonic gener-
ation of a gain-switched fiber laser. Results of the gain-switching are
included here, whereas the second harmonic generation results are left
out to maintain the focus of the thesis.

A part of the project was conducted in very close collaboration
with NKT Photonics, where picosecond-pumped supercontinua were an-
alyzed and modeled to improve the understanding of the spectral shape.
In continuation of this work, the author was hired by NK'T Photonics for
a four month period in 2013 to investigate and improve properties of su-
percontinua. This effort resulted in contributions to a submitted patent.
Due to intellectual property rights, this work could not be published and
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is omitted from the thesis.

A detailed numerical model is developed in the project and imple-
mented in Matlab. This code is made publicly available on www.muder.dk/GS.

Citations are indicated by number and the full list of citations is
placed in the last section of the thesis. All figures are made by the
author unless otherwise stated. Furthermore, a list of abbreviations is
located after the conclusion. A few appendices are attached and are
referenced within the relevant sections.
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CHAPTER ].

Introduction

The invention of the laser in the 1960s represents a gigantic scientific and
technological step, and the Nobel Prize in Physics in 1964 was awarded
to the theoretical pioneers [1,2]. The very key feature of lasers is the
high spatial and temporal coherence of the generated light, whereby
unprecedented electric field strengths are achievable. The light-matter
interaction at these high electric field strengths spawned the field of
nonlinear optics, where the central outcome is the ability to generate
light with frequencies other than the laser frequency [3}4].

The quest for the capability to transmit laser light over long dis-
tances led in the 1970s to significant progress in reducing the loss in sil-
ica materials, which enabled fabrication of optical waveguides in fibers
with extremely low loss [5,6]. Rare-earth doping of fibers was developed
alongside as efficient gain medium for amplification to compensate for
the loss |7,8]. The success of the optical fiber is not to be overlooked,;
more than 10'? m of fiber has been installed around the globe [9]. Later,
rare-earth doped fiber lasers and amplifiers have emerged as technolo-
gies with a wide spectrum of applications entering new fields such as
material processing and sensing. Owing to mass-produced high-power
pump diodes and the double-clad pumping geometry, highly efficient
fiber lasers with multiple kilowatts of output power are now commer-
cially available [10,|11].

A side-effect of the fact that light can be confined in a small fiber core
over very long distances, is that the optical powers required for nonlinear
effects to occur is much lower than with bulk optics [12]. For telecom-
munication these effects are under most circumstances unwanted, but
they can also be used to manipulate the light in peculiar ways [12-14].
The nonlinear effects in fibers are mainly governed by the degree of
confinement and chromatic dispersion. The ultimate control of these
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properties was made possible with the invention of the photonic crystal
fiber (PCF) in the late 1990s [15]. The culmination of the PCF tech-
nology was the discovery of the spectacular nonlinear process of visible
supercontinuum (SC) generation in 2000 [16]. A SC with wavelengths
from 450 nm to 1600 nm could be generated in the fundamental trans-
verse mode of the PCF by using an unprecedented low peak power in
the kilowatt range |16].

A laser source based on SC generation solves a shortcoming of lasers,
namely that wavelengths are restricted by the elements suitable for las-
ing (and their harmonics). Furthermore, SC laser sources can be made
completely fiber-integrated, and therefore it is robust and maintenance-
free. It can replace conventional lamps e.g. in microscopy [17,|18], but
the high spatial coherence and the high spectral power density over the
visible and near infrared wavelengths open up a huge potential for ap-
plications. Such applications are within fluorescence microscopy [19],
stimulated emission depletion microscopy [20], optical coherence tomog-
raphy [21-25], photo-acoustic imaging [25,|26], range finding [27,28],
broadband dispersion measurements [29,30], and coherent anti-Stokes
Raman scattering [31},32].

1.1 Improving supercontinuum laser sources

SC laser sources are now commercially available using picosecond and
nanosecond pumping by numerous vendors [17,33-37]. There has been
a continuous focus on improving the properties and reliability of such
sources.

Particularly, the interest in expanding the wavelength range have
resulted in demonstrations of an SC spanning almost three decades from
350-2600 nm [38-40]. Expanding the spectra beyond ~2500 nm in silica
fibers is challenging due to absorption losses, and new materials with
broader transmission windows are being tested to make SC generation
of light at near and far infrared wavelengths possible [41-44].

It is also of interest to increase the spectral power density in selected
regions of the SC. Power scaling of picosecond pumped SC sources based
on a PCF have reached ~40 W of average power [45]. The scaling is
limited by damages induced in the fiber core at the high intensities
[46]. Infrared SC generation in large core fibers has been scaled to the
200 W level [47]. A high spectral power density can also be achieved
by pumping PCF's with continuous wave (CW) fiber lasers [48-50]. The
drawback of CW pumping is the low peak power, which leads to high
sensitivity of the fiber parameters, reduced spectral broadening, and low
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efficiency of visible light generation.

At the present state SC laser sources are technically applicable in
many instruments and optical measuring methods, but the current price
point for SC sources limits the implementation of such systems into
relevant fields. Interest is therefore also on reducing the complexity of
the SC source to reduce the cost and thereby enable applications within
new areas.

1.2 Motivation for project

This project was spawned from the idea to use a fiber laser, which is
gain-switched, as pump for an SC laser source. The envisioned SC laser
setup is illustrated in Fig. The benefits of this approach are that a
high average power can be obtained and the simple construction reduces
the cost of the source. This project is therefore a feasibility study to
illuminate the possibilities and limitation of this design.

0O O

Yb fiber laser **  Photonic
crystal fiber

e [LIL TLMT A AL

Figure 1.1: Envisioned SC laser source based on gain-switching of a fiber laser.
The pulsed pump forces the fiber laser to emit high peak power pulses, which are
suitable for SC generation.

Electronics Pump

The underlying physical principle of gain-switching (GS) is to control
the inherent relaxation oscillations of the fiber laser occurring within
a few pus after switching on the pump and therefore the gain of the
laser [51]. By isolating the first and most powerful spike, a stable pulse
train of high peak power pulses with tens-to-hundreds of nanoseconds
in duration are created. The use of GS for improving the SC generation
is motivated by the fact that the peak power of the pulses is nearly
an order of a magnitude higher than the CW power. Even though the
physical principles have been known for more than 50 years, little work
on the subject is published compared to other pulsing techniques. One
reason for this is that the pump power required in applying GS is more
than an order of magnitude higher than what is required for Q-switching
[52]. However, GS is increasingly interesting due to the decreasing cost
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of pump diodes and the all-fiber construction. In this project gain-
switched fiber lasers are investigated theoretically and experimentally
to examine the opportunities and limitations of obtainable peak power,
pulse duration, and spectral bandwidth.

SC generation dynamics occur on a time scale much shorter than
that of pulses generated by GS, which can be as long as hundreds of
nanoseconds in duration; therefore SC generation from a GS source is
considered quasi-continuous wave (quasi-CW). The peak power of the
GS pulses is lower than in picosecond-pumped SC generation, which
affects the complex interplay of the linear and nonlinear processes in SC
generation. Therefore, the specific quasi-CW SC dynamics are discussed
and various PCF's are examined to optimize the efficiency of the process
and bandwidth of the SC spectrum.

1.3 Thesis outline

In Chapter [2| a frame of reference to understand the propagation of
light in fibers is given. This includes a description of different types
of waveguides, how amplification in rare-earth doped fibers is achieved,
solving of transverse fiber modes, and an introduction to the nonlinear
propagation equation.

The physics of GS of fiber lasers are presented in Chapter B A
detailed and a simplified model are both presented. Deep insight into
the pulse generation process are given and the results of the models are
compared to experimental results.

In Chapter [4] the experimental results of various fiber laser config-
urations and power levels are shown and discussed. The results are
summarized and design guidelines are given.

In Chapter [5] the complex process of SC generation is analyzed and
special attention is given to dynamics relevant to quasi-CW SC gener-
ation. A series of PCFs is pumped by pulses from a GS fiber laser and
the spectral properties are discussed. Optimized PCFs are suggested
based on these results.

Finally, the thesis is concluded in Chapter[6]and relevant future work
is discussed.

In Appendix [A] the used abbreviations are listed. In Appendix
the current fiber laser technology is presented and it is intended to be
an introduction to the terminology for the reader not familiar with the
subject. The final three appendices on pumping of fiber lasers, the
implementation of the detailed model of a fiber laser, the laser cavity,
and chromatic material dispersion are included as additional material.



CHAPTER 2

Light propagation in fibers

In this section the physics of optical fibers, fiber lasers, and the mathe-
matical basis to describe light propagation in fibers are presented.

2.1 The fiber geometry and guidance

The most common guiding mechanism in optical fibers is total internal
reflection. It relies on an elevated refractive index in the light-guiding
core compared to the refractive index of the surrounding cladding. In
fiber optics the refractive index difference is often denoted by the nu-

merical aperture,
NA = /n2 —n2, (2.1)

where n,. is the core refractive index and n. is the cladding refractive
index. A standard step index telecommunication fiber has an 8 pum
Ge-doped core with a refractive index 0.36% higher than the cladding
refractive index of 1.45 at a wavelength A = 1um, which results in an
NA of 0.12. The highest angle of acceptance of an optical ray incident on
the core of a fiber is given by 6, = 2sin~!(NA), so a higher NA generally
equates to the ability of a fiber to collect more of the light incident on
the fiber core.

A step index fiber can be modeled by the (scalar) wave equation
derived in section 2.3l The solution turns out to be a Bessel function of
the first kind in the core region and a decaying modified Hankel function
in the cladding region. The propagation constant § is then related to
the effective index defined as neg(\) = 5(A)27/\, and for total internal
reflection it is necessary that n. > neg > ne. The solution can be

5
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normalized by introducing the so-called V-parameter;

= 24, (2.2)
A

which dictates the properties of the fiber based on the wave behavior (the
wavelength), the geometry (the core radius a), and the confinement (the
NA). If V' < 2.405 the fiber is called a single-mode fiber, which means
that only a single transverse mode with two polarization states exists.
For 2.405 < V' < 3.832 the two first higher order modes are also present
and in total 6 guided modes (including the polarization states) can be
guided. In practice the V-parameter is only a guideline for the number
of guided modes because, e.g. bending of the fiber introduces significant
loss for the least confined higher-order modes.

Since the early development of the optical fiber a vast amount of
different fiber geometries have been proposed and fabricated [6]. The
three most important fiber geometries for this project is shown in Fig.
These geometries are step index fiber with a single or a double
cladding, and photonic crystal fiber (PCF).

Step index, Step index PCF
single cladding double cladding single cladding

R

Coating

L

Refractive index

Coating
Cladding
Cladding
Core

Core

Distance, r

Figure 2.1: Facets of a single-clad step index fiber, a octagonal double clad step
index fiber, and a PCF. In the lower section the refractive index profiles of the fibers
are illustrated as function of the radial direction. The air hole diameter d and the
hole-to-hole distance (pitch) A are shown. The radial and refractive index dimension
are not shown to scale.

Optical fibers are typically constructed as a cylindrical core sur-
rounded by a silica cladding with a diameter of 125 ym. The diameter
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of the cladding is larger than what is necessary to confine the light and
is chosen to obtain a good mechanical strength while still being easy to
handle and process. The cladding is coated with a polymer to protect
the fiber from the outside environment and scratches. The refractive in-
dex of the cladding is in most cases higher than silica to strip off (guide
and absorb) the light that is lost in splices or along the fiber length due
to, for example, scattering of defects.

Alternatively, the refractive index of the coating polymer can be
lower than the refractive index of silica, which means that the silica
cladding acts as a highly multi-mode waveguide. Such fibers with two
waveguides are called doubled clad fibers, see Fig. The refractive
index of the polymer is lowered by fluorinating the polymer and the
resulting cladding NA is typically on the order of 0.46, which corresponds
to a full acceptance angle of 55°. Another approach is to use air as the
second cladding material, which can be fabricated by isolating the first
cladding by small silica bridges to an outer silica buffer [53]. This type
of double cladding is called an air-clad and the NA can be up to 0.7
corresponding to a full acceptance angle of 89°. Double clad geometry
fibers are mostly used for active rare-earth doped fibers, because the
second cladding acts as a waveguide for the pump light, which can have a
lower beam quality /larger divergence angle than what can be coupled to
the core. The advantages of the double clad fibers are further described
in section 2.2} In a cylindrically symmetric pump cladding circulating
helical modes may exist, which will not pass through the fiber core to
be absorbed. For this reason the pump cladding is often octagonal or
D-shaped to break up cylindrical symmetry, as shown in Fig.

2.1.1 The photonic crystal fiber

The last type of fiber investigated in the project is the photonic crystal
fiber (PCF). Other names are sometimes used such as; micro-structured
optical fiber, holey fiber, hole-assisted lightguiding fiber, and single-
material fibers [54,55]. The name comes from photonic crystals, which
most often are constructed via periodic holes in bulk materials. A PCF
can be defined as a fiber with a hexagonal array of air holes, within the
cladding region of a fiber, and the core is defined by the vacancy of an
air hole in the center of the array. The structure can be seen in Fig.
The distance between the holes is A and the hole diameter is d.

The idea of creating optical fiber using a single material and air as
the cladding was proposed in the 1970s to avoid doping of the core,
which at that time increased the loss of the optical fibers [6,56,57].
Relatively low loss single-mode guidance was achieved; however, diffi-
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culties in the manufacturing process of the structure and successes of
alternative methods halted the effort [5§].

Interest was sparked again in 1996 when the stack-and-draw method
was used to fabricate robust all-silica fibers |15] and theoretical predic-
tions indicated that the fibers could be single-mode for all wavelengths
(endlessly single-mode) in certain cases [55,/59]. These fibers are more
complicated to draw than standard fibers but the refractive index con-
trast can be a factor of 10 better than Ge and F doped silica, and the
refractive index profiles can be designed with unprecedented freedom.
The core size and refractive index contrast can be extremely large or ex-
tremely small — whatever is desired. Large core single-mode fibers can
handle high optical powers and are generally much better at mitigating
nonlinear effects. Small core fibers can be engineered to achieve a high
degree of nonlinearity, and are therefore called highly nonlinear PCFs.
A side-effect of light propagating in a small core is that the chromatic
waveguide dispersion is highly affected. Among others attributes, the
important zero dispersion wavelength can be designed to be in the vis-
ible wavelength range and a second zero dispersion wavelength can be
introduced. The confinement, scattering, and contaminant losses were
sufficiently low already in the early stages of development of such fibers
and have improved to approach the value of 0.2 dB/km at 1.55 pm for
conventional fibers [60].

2.1.2 Supercontinuum generation in a PCF

A supercontinuum (SC) is formed by a complex cascade of linear and
nonlinear processes that act together upon a pump pulse in order to
cause extreme spectral broadening [13}/16]. There is no clear definition
as to the extent of spectral broadening needed to classify such an effect
as SC generation; however the bandwidth of an SC spans more than half
a decade in most cases. SCs spanning the whole transmission window of
silica (350-2600 nm) with an average power of several Watts have been
generated [40].

The PCF is a particularly effective medium for SC generation due to
the small mode area and the large design freedom of the chromatic dis-
persion. The most efficient SC generation occurs when the dispersion at
the pump wavelength is anomalous because it promotes the formation
of short duration solitons. This condition is obtained if the zero dis-
persion wavelength is below the pump wavelength. The formed solitons
have a higher peak power than the pump and this enables a series of
nonlinear processes in which wavelengths widely spaced from the pump
can be generated. The bandwidth of the SC is ultimately limited by the



2.2. Rare-earth doped fiber lasers 9

absorption loss in the medium used to generate it. For example, in silica
it is difficult to generate a long wavelength edge of an SC above 2400 nm
because of the rapidly increasing loss in silica above that wavelength |14].

The nonlinear processes in SC generation are described in detail
in section and optimization of dispersion properties of PCFs are
discussed in section [5.6

2.2 Rare-earth doped fiber lasers

The first fiber laser 7] was demonstrated in 1961 shortly after the
demonstration of the first laser [2], which at that times was called an
optical maser [1]. The word laser originated as an acronum which stands
for light amplification by stimulated emission of radiation. It is a very
different approach to the generation of light than in the classical picture,
where light is generated by acceleration of charges. The amplification
of light is possible by the process of stimulated emission, which relies on
a non-equilibrated state corresponding to a laser transition. This non-
equilibrated state is also called population inversion and occurs when
the population of a upper or excited state is higher than the population
in a lower state. The source that excites the gain medium to the upper
state is called the pump.

Lasers are usually understood as being oscillators containing an am-
plification medium. The oscillator (also called optical resonator or cav-
ity) is constructed by two reflective surfaces, which provide an optical
feedback so that lasing can be sustained. A laser medium without an
oscillator is a gain medium, which can be suitable for optical amplifica-
tion.

2.2.1 The active material

The active ions used in fiber lasers are rare earth elements in the group of
lanthanides, which, contrary to the sound of the name, are fairly abun-
dant [61]. The lasing transition occurs via the 4f-shell electons which
enables lasing transitions with wavelengths from 455 nm to 3950 nm
[61,/62]. The 6s-shell is also populated, which shields these ions from
the host material and results in long excited state lifetimes up to a few
milliseconds. The rare earth elements used in fiber lasers are: Yb, Er,
Tm, Ho, Nd, and Pr [62,/63]. From a technological perspective Er and
YD are the most important elements with a wide variety of applications
in telecommunication and high power lasers, respectively.

The Yb ion has a unique advantage over the other rare earth ions in
that the 4f-shell is only missing a single electron. This prevents detri-
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mental interactions between the different excited states, such as excited
state absorption or non-radiative decay. It also leads to smaller dif-
ferences in the pump and emission wavelength, which means that the
efficiency of the laser can be exceedingly high [10]. In this project only
fibers doped with Yb have been used due to the combination of high
efficiency, the availability of powerful pump lasers, and an appropriate
emission wavelength for SC generation. The other rare earth elements
used in fibers also have exciting applications [62] but will not be ad-
dressed in this thesis.

The Yb3* ion ([Xe]4 f 13) has two energy level manifolds relevant for

lasing; the ground state (2F7/ 2) and excited state (2F5/ 2), which are
illustrated in Fig. The population densities are also shown for the
cases of population inversion and thermal equilibrium. The Stark and
vibrational states in the ground state are populated in both situations
because of thermal excitation at finite temperature. The excited state
lifetime of Yb ions in silica is about 800 us [64], which indicates that
the ions are well isolated from the host.

With the emission of a photon with a wavelength of 976 nm the Yb
ion must relax from an excited state into a highly populated ground
state, and the Yb ion acts as a three level laser medium. To obtain
population inversion at this emission wavelength a high pump power is
in general needed. With the emission of a photon with a wavelength
of 1064 nm the ion relaxes to a lower lasing level that is comprised of
elevated vibrational states. These states have energies four times higher
than the average thermal energy, and therefore thermal population of
these states is in most cases quite low. This leads to a method by
which the Yb ion can be treated as a quasi-four (quasi-three) level laser
medium at an emission wavelength of 1064 nm, and hence the required
pump power to reach population inversion is low.

The Yb ion is typically excited by an optical pump at a wavelength
of 915 nm or 976 nm. When the wavelength of the pump is lower than
976 nm (corresponding to higher photon energy), the Yb ion is excited
into vibrational states above the electronic excited state 2F%/2. The Yb
ion would then relax to the bottom of electronic excited state within
less than a nanosecond by generation of phonons [61].

The transitions between the energy levels can be found experimen-
tally by measuring the so-called absorption and emission cross sections.
In Fig. measured absorption and emission cross sections of Yb doped
silica are shown. It can be seen the pumping band at 976 nm has a full-
width at half-maximum (FWHM) of about 9 nm, which means that
in many cases the pump wavelength must be stabilized. On the other
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Yb” transitions:
Absorption Emission

252 —ft A
F -z
) A 1=800us
S
E| E Eles S & &
| © ] S $.9
id ~| 8 NP NS &
o|lo o S & O Q
-— é?.ﬁb /ft §$ /f)
Y yQ N & A
2F7/2 V_'t _____ . '
“y: Decay < 1ns Population density

Figure 2.2: Energy level diagram and transitions of the Yb3* ion. To the right

the population density is illustrated at population inversion and at thermal
equilibrium.

I
o5l = = = Absorption ||
= Emission
201 R
g
Q
S
- 15+ R
c
i=] L
I3
(O] |
"
@ 10 b
o |
6 [
RS L
4 -~ L
5r ! ‘. |
L4
K4
L4
L d
¢¢ s___
- ...—.i-

0 . 1 1 -
850 900 950 1000 1050 1100
Wavelength, nm

Figure 2.3: Absorption and emission cross section of Yb doped silica. [65,66)



12 Chapter 2. Light propagation in fibers

hand at the absorption shoulder at 915 nm the FWHM bandwidth is
more than 50 nm and is practically insensitive to wavelength shift or
bandwidth of the pump laser. The usable emission wavelength range is
from 976 nm to beyond 1150 nm, which is considered very broad and is
advantageous in ultra short pulsed lasers and tunable lasers.

2.2.2 Rare earth doped fibers

A fiber with rare earth doping is often called an active fiber. Doping of
silica with Yb (and co-doping with Al) increases the refractive index of
the glass and the core can be formed in this manner. Step index single
mode active fibers with a core diameter up to 11 gm and NA down to
0.07 are commercially available [66,/67]. The NA can not under typical
conditions be reduced further without lowering the Yb concentration. If
a single mode fiber with a larger core diameter is needed the advantages
of the PCF technology can be used to lower the NA below 0.03 [53] or a
few-mode fiber can be coiled.

Active fibers can, depending on the application, be designed to be
core pumped or cladding pumped. In Appendix the differences and
the influence on the pump absorption efficiency are described. In sum-
mary, the core pumping is generally used when the emission power is
below a few Watts, and for higher powers cladding pumping is advan-
tageous due the increased fiber length and easily accessible high power
pump diodes. In this thesis the focus is on Yb-doped silica fiber lasers
with powers exceeding tens of Watts and therefore the cladding pumping
scheme is applied.

Finally, it should be noted that many other types of lasers than the
fiber lasers exist. Seen from a historical perspective the most used lasers
are gas and solid state lasers, and fiber lasers have only been considered
commercially relevant within the last 15 years [10,/68]. Compared to the
other types of lasers, the fiber laser has the following advantages:

e High total efficiency (especially for Yb)

Large surface area to dissipate the generated heat

Diffraction limited beam with low distortion in power scaling

Broad gain bandwidth/tunable

Cost-effective

Robust to the operating environment

Compact and maintenance-free
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The disadvantages or challenges of fiber lasers are:

e The tight confinement that reduces the obtainable peak power due
to nonlinearities

e Dispersion that can be detrimental for ultra short pulses

e Degradation can be problematic. This is called photo-darkening
and the mechanisms are complicated and still controversial [69].

In Appendix [B] the current concepts and technologies behind fiber
lasers will be described with the aim of introducing a non-expert reader
to the terminology and various practical aspects. The output properties
and way to measure them are also described.

2.3 Fundamental electromagnetism
The very foundation of optical modeling of light propagation within

optical fibers is the Maxwell equations and the constitutive equations
for non-magnetic and dielectric materials; |70]

V-D(r,w) = 0 (2.3)
V xE(r,w) = —iwB(r,w) (2.4)
V-B(r,w) = 0 (2.5)
VxH(r,w) = iwD(r,w) (2.6)
D(r,w) = €eE(r,w),r,w)E(r,w) (2.7)
B(r,w) = poH(r,w), (2.8)

where D is electric displacement, E the electric field, B the magnetic in-
duction, H the magnetic field, e the permittivity, and pg = 47 - 107 Hm™!
is the vacuum permeability. Here the equation are expressed in the fre-
quency domain for convenience!. The glory of the Maxwell’s equations is
the complete description of coupling between the electric and magnetic
fields that can describe electromagnetic wave propagation.

The electric displacement describes the material response to an ap-
plied electric field and the induced electric polarization P in the material
is defined through

D(r,w) = eoE(r,w) + P(E(r,w),r, w), (2.9)

!Functions in the time-domain are denoted W~1th a tilde. The definition of the
Fourier transform used is f(w) = F{f(t)} = 20 f(t)expliwt)dt.
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where ¢) = 8.854...-107'2 Fm ™! is the vacuum permittivity. In general P
depends on E in all space and past time (positive and negative frequen-
cies). Non-local effects such as thermal diffusion, which can be relevant
in very low NA active fibers [71], are in the content of this project ne-
glected. On the contrary, the nonlinear effects that arise due to higher
order powers of the electric field, are crucial. A first approximation is to
include the nonlinear induced polarization Py, as a perturbative term:

P(E(r,w),r,w) = Pr(r,w) + Pyr(E(r,w),r, w). (2.10)

The components of the nonlinear induced polarization will be treated
thoroughly in section [2.5] where nonlinear propagation is discussed. It
has also been assumed that the linear part is instantaneous, which gen-
erally is a good approximation at non-resonant frequencies. Silica is
amorphous and therefore isotropic, which means that the linear scalar
susceptibility x(!) can be introduced as

Py (r,t) = eoxV (r)E(r, t). (2.11)

From this the relative permittivity e,(r) = 1 + x(!)(r) can be defined.

2.3.1 The wave equation

The wave equation can be derived by taking the curl of Eq. (2.4 and
combining the result with Eq. (2.6)), which yields

V x (V X E) = Moﬁosz + M0w2P. (2.12)

Inserting the induced polarization and using that the speed of light is
o= (,uoeo)*l/2 and the wavenumber ko = w/co, we then have

V x (VXE) - kiE = pow?Pyy. (2.13)

The left hand side is the general wave equation and the nonlinear induced
polarization term on the right hand side acts as a source term. Solving
this is quite involved due to the vectorial nature. When the nonlinearity
can be neglected a full vectorial eigenproblem solver can be used to find
the eigenmodes, and this procedure will be described section

It has been shown that the problem can be simplified in the case of
weakly guiding fibers?, which obey the relation [72]

(ne —ner) /ma < 1, (2.14)

2This should not to be confused with leaky fibers, where losses are high.
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The results imply that the modes have linear polarization states and are
mostly transverse to the direction of propagation. Wave propagation is
therefore analogous to plane waves solution [73]. One might think that
the approximation is not valid for a silica strand in vacuum (an extreme
PCF) because of (n. — ng)/na = 1/3. However, the validity in this case
has been confirmed by full vectorial numerical calculations, which show
that the longitudinal components of the fundamental mode are very
small compared to the transverse field components. The weakly guiding
approximation implies that the divergence of E can be simplified to

V-E=¢'E Ve (r) =0, (2.15)
hence the wave equation can be written
V2E + ¢,k2E = —jiow’P . (2.16)

It is convenient to separate the problem into a static transverse prob-
lem and a (nonlinear) propagation problem, to which we may submit a
solution on the following form; |74, 75|

E(r,w) = %&N (w(rl,w)A(z,w)ewOZ + c.c.), (2.17)

where c.c. is the complex conjugate, N = (0.560c0n)*1/2, 1 is the nor-
malized transverse field, A the envelope function of the propagating field
with the instantaneous optical power P(z,t) = |A(t)[2, and Sy = B(wo)
is the propagation constant of the carrier wave with angular frequency
wp. Only the polarization state in the % direction is considered. It is
not strictly necessary to limit the polarization state but it is common
in nonlinear propagation to reduce the complexity of the often compu-
tationally heavy simulations as will be touched upon in section [2.5

The separation of variables method is now done in the linear regime
and a separation constant (s is introduced. Two independent homoge-
neous differential equations are obtained [75]

Vi + (kjer — BY = 0 (2.18)
0%2A

A
@Jerﬁong(ﬁf—ﬁ%)A = 0. (2.19)

The nonlinear contributions to the refractive index® can reach 1072 in
extreme but realistic situations. This hardly affects the transverse mode

3Using n, = 2.6- 10720 mz/W, a peak power of 100 kW, and core diameter of
2 pm.
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(of a typical nonlinear PCF) but has huge implications on propagation.
This justifies separation and the two problems can be solved indepen-
dently. In the transverse problem the propagation constant can be re-
named fs(w) — B(w) and the solution is presented in section The
nonlinearities are included in fs(w) through a perturbation, which will
be described in section 2.5l

2.4 The transverse problem

Fundamental to understanding propagation in waveguides is the ability
to solve the transverse problem. Analytic solutions are rare [72], even
in the simple case of e.g. the step index fiber, and numerical methods
need to be applied. Popular numerical methods are finite difference, fi-
nite element method, and plane wave expansion [54]. The best approach
depend on the problem, and in this project the finite element method is
applied due to the maturity, the ability to setup an arbitrary structure,
the accuracy, and the ability to estimate the confinement loss through
the use of absorbing boundary conditions. The software packages COM-
SOL Multiphysics@®) version 3.4 and Matlab®) version 2010 were used.
The full vectorical eigenvalue problem is defined in COMSOL as;

Vx('VxH)—kH=0, H=H(z,y)e", u=—if-95, (2.20)

which can be obtained directly from Maxwell’s equations. The full vec-
torial problem is solved instead of the scalar problem in Eq. to
ensure that the most accurate dispersion is found for all wavelengths and
all structures [76]. The eigenvalue u and the eigenvector H are found
by the SPOOLES eigenproblem solver and typically 6 eigenvalues are
found.

In Fig. 2.4 the total domain of the calculation is shown together with
the computational grid. The outermost border consists of an absorbing
and non-reflecting layer to attenuate the field — the so-called perfectly
matching layer. The air holes are distributed all the way to the perfectly
matching layer to avoid situations in which the solver may find modes
in that region with similar mode area and effective index to that of the
fundamental mode. The symmetry of the structure is six fold, which
dictates that the fundamental mode has a similar symmetry. This makes
it possible to reduce the computational domain. Four-fold symmetry can
easily be implemented in the solver by selecting appropriate boundary
conditions, and is used in the modeling but is not shown in the figures.
This simplification reduces the computational time and memory demand
by more than a factor of four. In the right section of Fig. [2.4] the grid



2.4. The transverse problem 17

is shown and the grid density is enhanced in the core region to increase
the number of computational points where the field amplitude is high.

Figure 2.4: Left: Structure and electric energy density of the fundamental
mode. Right: Computational grid with improved density in the core region.
The x- and y-symmetry axes are indicated.

Figure 2.5: Left: Core structure and electric energy density of the funda-
mental mode. Right: Computational grid in the core region. The x- and
y-symmetry axes are indicated.

In Fig. [2.5 only the core region is shown, and it can be seen that
the fundamental mode has a hexagonal symmetry and that the power
density is very low in the air holes. The mode avoids the air hole to
maximize the effective refractive index. The field mostly interacts with
the first ring of air holes, and therefore the size of these holes is the most
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important factor for the waveguide properties.

The dispersive and nonlinear properties of a PCF must in general
be solved numerically for a given pitch and hole size. Some general
guidelines will be given in section where the common parameter
space of PCFs are modeled and analyzed.

2.5 The propagation problem

The solution to the linear propagation problem in Eq. (2.19)) is given by

where & and & take the real and imaginary components, respectively.
It is seen that the real part of B(w) determines the phase for each fre-
quency component independently, which in the time domain translates
into pulse broadening in the case of finite dispersion of 5. This is in gen-
eral referred to as chromatic dispersion, which is crucial in SC generation
and will be discussed in section [5.1]

The imaginary component acts as exponential attenuation or am-
plification depending on the sign of the exponential term. Different
contributions enter into to the propagation loss: confinement, scatter-
ing, absorption due to impurities, and point losses (splices) [77]. The
loss in nonlinear PCFs and active fibers are in general very low, and
inclusion of loss is only relevant in this project in the case of broad SC
reaching the scattering loss edge at < 400 nm or the OH absorption at
~2400 nm [77,78].

In case of semi-classical modeling of lasers the amplification factor
$[B(w)] is given by the product of the emission cross section and the
population inversion density. This approach to modeling of gain will be
used in section 3.3

2.5.1 The nonlinear induced polarization

A nonlinearity, due to an applied electric field, can in general be de-
scribed by the anharmonicity of the atomic potential of the nuclei at
large field amplitudes [4]. It acts as a source in the propagation equa-
tion through nonlinear induced polarization, which can be split in power
of the electric field as

Pyp(rt) =e > xPE(r, )" (2.22)
k=2

In silica the strongest higher order term is the third in the series, because
silica is isotropic and the even order vanishes [12]. Much less pronounced
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phenomena arise from interfaces and defects that can induce anisotropic
contributions and from other higher order terms [4}/79-81].

In silica the nonlinear response can arise from elastic and inelastic
scattering. The electronic response, termed the Kerr nonlinearity in
x®)-materials, is elastic and is considered instantaneous. Responses
characterized as inelastic scattering involves generation of optical or
acoustic phonons. The optical phonon interaction is called stimulated
Raman scattering and has a delayed response on the order of ~ 50 fs
time scale. The acoustic phonon interaction called stimulated Brillouin
scattering has time response of >1 ns, and is relevant for coherent CW
pumps i.e. lasers having a narrow spectral bandwidth of ~ 10 GHz or
~ (0.05 nm at 1064 nm. Such pump sources are not used in the project
and stimulated Brilloiun scattering will be neglected for the rest of this
thesis.

The third order induced polarization can be written;

PZE?\),L(w) = ¢ // X’L(?]Z:l(w;wl’ —WQ,Wg)EEle:}2Ew3dWQdW3, (2.23)

where ngl)cl is an 81 elements tensor, {i,7j,k,l} are either z,y, or z,

w1 = w — wy + ws, and the integration over all frequencies is carried out
to take all interactions into account. In silica x® can be reduced to
three independent elements due to rotational symmetry. Furthermore,
in case of linear polarized electric fields (E = XF,) only the element
X&?M survives. This is advantageous because the complexity of the
calculations is reduced but is strictly only valid in situations where only
one polarization is guided. However, it is a fair approximation in the case
of randomly polarized light or where the linear polarization is rapidly
degraded [82].

2.5.2 The GNLSE model

In order to solve the nonlinear propagation problem in Eq. , the
small nonlinear perturbation is introduced as 82(E) = 8% + AB(E)?
[12,|75]. The model is called the generalized nonlinear Scrédinger equa-
tion (GNLSE). The derivation is lengthy [12,|75] and only the crucial
approximation will be discussed here.

A great simplification to the problem is realized by reducing the
equation from second order to first order by factoring it into compo-
nents describing both forward and backward propagation and neglect-
ing the components for backward propagation [75]. This is not the same
approach as the slowly varying envelope approximation, which has ques-
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tionable validity in the case of SC generation, due to a requirement of
the bandwidth to be less than 1/3 to the carrier wave frequency [83].

As the SC spectrum can span from 350-2600 nm [40], it is important
not only to include the chromatic waveguide dispersion but also the
dispersion of the strength of the nonlinearity. This is done by taking
into account the dispersion of the effective area [84] and approximating
the dispersion of x(®. The dispersion of the effective area Aeg(w) =
([ 2dxdy)?/ [*dzdy is included by scaling the field as

Aesi(w)

The coordinate system is transformed to be following the carrier group
velocity, hence a dispersion operator is defined
9B(w)

D = i{B(w) — Bwo) — 0 [w —wo]} — 504(@7 (2.25)

where « is the attenuation. In order to solve the equation efficiently, the
so-called interaction picture is used, and C' is transformed as [42,85]

) /4
C(z,w) = A(z,w) {Aeg(o)} . (2.24)

1

Cr = exp{—D(w)z}C. (2.26)
We then arrive at the final GNLSE [42,86]
oCr _ . W D) A1 ~12
B =) e f{Cf [R(w — wo) F(C] )]}, (2.27)

where C(z,t) = F~'{C(z,w)}. The response function R contains the
instantaneous Kerr and the delayed Raman contribution as

(2.28)

T+ TS
Rw) =01~ fr)+ fR7'22 — 72 (i + 7ow)?’
where fg is the relative strength of the Raman interaction and is close
to 0.18. The Raman response function is approximated as a damped
oscillator with 7 = 12.2 fs and 75 = 32 fs [87].
The dispersion of the effective area is included in the nonlinear pa-
rameter y(w), which is defined [88]

wongMeft (wo)
Y(w) = , (2.29)
CoNeff (w) \/Aeff (W)Aeff (w0>
and by ignoring the frequency dependence the usual form v = m:()if(%uo)

is retrieved. The nonlinear refractive index n, is then defined for silica
as

(3)
Z

3 Txrx —
— S AR 961072 m2/W. (2.30)
4dnigeoco

)
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The nonlinear refractive index can be increased to 5-10720 m? /W when
the material composition is altered by doping with Ge [75189}90].

The implementation of the GNLSE used in this thesis is based on
the fourth-order Runge-Kutta method in the interaction picture with
adaptive step size [85,91,/92]. Details on this approach can be found
in [38].






CHAPTER 3

Gain-switching of fiber lasers

In this chapter gain-switching (GS) of fiber lasers is investigated theo-
retically. First a qualitative explanation of the physical mechanisms of
GS is given. A review of GS of fiber lasers in the literature are presented
with focus on Yb-doped fiber lasers. The governing equations and mod-
eling using a detailed and a simplified model are described. Insight to
the fundamental physics behind the GS process and general trends will
be described.

3.1 Gain-switching

GS is a technique for pulse generation by fast modulation of the laser
gain via modulation of the applied pump. A pulse is generated by re-
leasing stored energy within the gain medium, which must be released
before the equilibrium between the pump rate and emission rate can
be reached. This unstable behavior is fundamental for all lasers and
is called relaxation oscillations or spiking. Relaxation oscillations were
observed in the very first lasers made in 1960 [93,94] and several theories
on the subject were developed simultaneously [95-98|. The phenomenon
is mostly seen as unwanted due to the noise-like nature [99]. The idea
of taking advantage of them by repetitively pulsing the pump was first
published in 1968 [100] and has since been applied to most types of
lasers; including fiber lasers [51].

The relaxation oscillations are described by the transient coupling of
the population inversion and the photons in the cavity. The dynamics
are illustrated in Fig. and will be presented in a step-by-step manner
to reveal the rich details;

1. In the initial state there is no population inversion nor light in the

23
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Figure 3.1: Modeled and experimental transient behavior of a fiber laser. In (a)
the transient behavior is illustrated and the characteristic parameters are defined:
the build-up time (or delay) 7s, relaxation oscillation period 7, pump power Ppump,
first optical pulse spike peak power Ppeak, optical pulse full width half maximum
width to, CW power level Pcw, pump pulse duration ton, and off-time tog. The
dynamics are simulated using the point model described in section In (b) and (c)
experimental oscilloscope traces of the electronic on/off modulation and fiber laser
output are shown. (b) shows the relaxation oscillation regime (ton > 75). (c) shows
the GS regime for which ¢on & 75. The fiber laser is with configuration A (see section

1),
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cavity.

2. Pumping starts to build up population inversion and the cavity is
mainly filled with low power spontaneous emission.

3. As pumping continues, the population inversion is increased al-
most linearly with time and lasing starts by amplification of the
spontaneous emission.

4. The increasing optical power in the cavity begin to deplete the
population inversion and the front of pulse appears at the output.

5. The population inversion is decreased below the threshold and
the generated pulse has reached its peak value. The pumping
is normally stopped at this time to avoid emission of additional
pulses. The full train of relaxation oscillations that occur with

continued pumping is shown in [3.1f(a) (after 10 ps) and 3.1|(b).

6. The cavity is gradually emptied and the tail of the pulse is emitted.
The population in the upper state will decrease slowly with a rate
determined by the lifetime of the excited state.

7. The cycle is repeated to produce the next pulse.

In Fig. a) definitions of characteristic parameters are given. The
build-up time 75 is the time between when the pump is turned on and
the first spike peaks. The oscillation period of the relaxation oscillations
is 7. For a given pump power FP,ump a certain peak power of the first
spike Ppeak is obtained and the duration of this spike is defined as the
full width half maximum ¢3. When the pump is off for a time period
of tog the cavity is emptied. The process repeats with the repetition
rate f~! = tog + ton and the duty cycle is defined fton - 100%. If the
pump pulse width o, is much longer than the decay of the relaxation
oscillations the laser goes into CW operation with an output power
of Pcw and population inversion level of no oy, as can be seen after
~15 ps.

In Fig. [3.1(b) experimental results show the transient behavior of
the fiber laser after fast turn-on of the pump and relaxation oscillations
are present before the laser goes into CW operation. In Fig. 3.1](c) the
pump pulse width is selected such that only the initial spike is generated
without the train of relaxation oscillations and the fiber laser operates
in a GS mode of operation.

In Fig. [3.2] a phase plot of the process is shown using the same
simulation process as in Fig. [3.1[(a). Stable and efficient GS is obtained



26 Chapter 3. Gain-switching of fiber lasers

when the phase circles are coinciding and as open as possible, which
means that for each repetition the population inversion reaches the same
maximum level that leads to the same maximum instantaneous (peak)
power. In Fig. the phase circles do not overlap perfectly because
too few repetitions have passed in order for the laser to have stabilized.
When pumping is continued the relaxation oscillations can be seen as a
spiral, which eventually falls to a center point which coincides with the
CW state.

—First pulse
—Second pulse
—Relax. osc.

Instantaneous power, ab. unit
|_\
a1

0 0.5 1 1.5 2 2.5 3
Normalized population inversion, n2/n2 cw

Figure 3.2: Phase plot of GS and relaxation oscillations. The simulation is identical

to Fig. 3:1](a).

The population inversion density and the density of photons in the
cavity are coupled by rate equations in which the term describing the
stimulated emission process contains the product of the two densities.
In this sense the problem is nonlinear; therefore, unstable solutions ex-
ist. With a given set of input parameters, a lack of or multiple pulses
per repetition can occur, which is called bifurcation and is studied in
Refs. . This dynamic is important to have in mind, when high
stability of the fiber laser is required. For most practical purposes it
can be avoided by ensuring that the cavity is emptied sufficiently before
pumping starts.
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3.2 Review of gain-switching of fiber lasers

In the first experiment with a fiber laser carried out in 1961, an Nd-doped
fiber was pumped with pulses from a flash lamp [7], and was therefore
the first account of GS in a fiber laser, even though the output was only
noted as ”"ringing”. The first systematic study was published in 1989,
where an Nd-doped fiber was pumped by a dye laser at 590 nm [51] with
square and sinusoidal pulses. Fiber lengths between 1 cm and 7 m were
tested. The configuration, in which square (on/off) pulses were used,
was observed to be the most stable. The pulse duration at the shortest
fiber length was 40 ns [51].

A series of papers showed unstable gain-switching of Nd-doped, Tm-
doped, Er-doped, and Yb-Er-codoped fiber lasers [103-107]. The reason
for the unstable behavior was that the pump photon energy was much
higher than the emission photon energy, which is called out-of-band
pumping [107,|108]. Unwanted temporal structures and instabilities oc-
curred because the rare earth ions were pumped to a high energy level,
which decayed to the upper lasing level on the same timescale as that
of GS dynamics [107,108]. Note, that as the Yb ion only has a single
electronic transition (see section , these complication do not apply
in Yb-doped fiber lasers.

Single pulse and stable GS of a Tm-doped fiber laser was demon-
strated in 2007 [109,|110], where in-band pumping of the Tm ion was
achieved via a pulsed 1.55 um Er-doped fiber laser. The peak power
reached over 1 kW and the shortest pulse duration was 10 ns due to a
short fiber length of 25 cm. In [111] a peak power of 8 kW and a pulse
duration of 1.5 ns at 20 kHz was achieved in a Tm-doped fiber with a
length less than 50 cm. In [112] the pump power was increased by using
a cladding pumped Er-doped amplifier, and this resulted in repetition
rates of 300 kHz with pulse duration at 25 ns and peak power of 1 kW.
Other realizations were Tm-doped fiber in a ring cavity [113] and a Tm-
doped fiber laser pumped by an Er-Yb-doped fiber laser modulated by
an acousto-optic modulator [114]. Recently, a Tm-Ho-doped fiber laser
was gain-switched, and influence on the pulse duration and peak power
of the fiber length and output coupling was investigated [115].

In 2007 results from the first gain-switched Yb-doped fiber laser was
published [116]. The pump was a single-mode laser diode, which had a
much lower peak power than the Er-doped fiber lasers used for pumping
of Tm-doped fibers, and the peak power in this investigation reached
43 mW with a pulse duration of 200 ns [116]. The laser cavity was of the
distributed feedback type and the length of the fiber was 5 cm. In [117]
the double-clad pumping scheme was used and the required fiber length
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was 3.5 m. This setup enabled a peak power of more than 100 W, a pulse
energy of 16 pJ, and a duration of 130 ns at 25 kHz [117]. The involved
physics and the influence of repetition rate and pump pulse energy on
the build-up time, pulse duration, and pulse energy were investigated
in [118]. Using a 12.5 m Yb-doped fiber a pulse energy of 36 uJ and
duration of 1.4 us at 50 kHz was achieved |118]. In [119] GS of a 9 m
Yb-doped fiber laser was characterized and analyzed numerically. The
model did not reproduce the experimental results quantitatively. A peak
power of 60 W, pulse duration of 1 us and a pulse energy of 30 uJ were
obtained at ~10 kHz [119].

Since the start of this project three articles, much in line with this
thesis, have been published [120-122]. A numerical model and accom-
panying experiments of a cladding pumped Yb-doped all-fiber laser are
presented in [120,121]. In [122] power scaling has been carried out using
a fiber with a larger core and higher pump power, and the resulting peak
power reached more than 2 kW with a pulse duration of 60 ns. These
results are highly relevant for the results obtained in the project and
will be included in the discussion.

As a summary, the study of stable GS of fiber lasers is a rather new
field and the configuration simultaneously achieving the highest peak
power and shortest pulse duration to date is that of Tm-doped fiber
lasers pumped with a pulsed 1.55 pum source. This type of GS has been
reviewed recently [108,/123]. There are a handful of articles on GS of
Yb-doped fiber lasers, and interest seems to be growing.

Another field with growing interest is the hybrid pumping scheme
based on out-of-band CW cladding pumping and in-band pulsed core
pumping acting as a trigger [124]. This started in 2010 with a Tm-
doped fiber laser pumped at 793 nm and 1914 nm, which resulted in
an average power of 100 W and 2 mJ pulses with a duration of 1 us at
50 kHz [125]. By reducing the repetition rate to 0.5 kHz the pulse en-
ergy increased to 10 mJ and the pulse duration was decreased to 75 ns,
which corresponded to peak power of more than 130 kW. An all-fiber
laser based on the hybrid pumping scheme was developed in [126], where
pumps were at 790 nm and 1053 nm, and a pulse energy of 2 mJ and a
pulse duration of 500 ns were achieved. By taking advantage of stimu-
lated Brillouin scattering the pulses could be narrowed to 20 ns, which
corresponded to a peak power of more than 100 kW [124[127]. Recently,
hybrid pumping has been applied to Yb-doped fibers, where the pumps
are at 976 nm and 1064 nm, and the emission is at 1120 nm [128]. This
scheme has also been developed as a dual-cavity arrangement, where
a peak power of 1.4 kW in 45 ns pulses with pulse energy of 62 uJ is
obtained [129}/130].



3.2. Review of gain-switching of fiber lasers 29

Yet another field is cascading of gain-switched fiber lasers, such as
in [102,|131] where an Er-doped fiber laser is used to pump a gain-
switched Tm-doped laser, which in turn is used as a pump source for a
gain-switched Ho-doped fiber laser. Furthermore, a few articles describe
more complicated scenarios related to GS [101,|{132(135].

Here, only results of GS of fiber lasers are presented, however GS of
semiconductor diode lasers has also been studied in e.g. [136,/137], and
can be used as seeders for fiber amplifiers as in [138]. The fundamental
physics are the same, but the length scales of the cavity and the energy
transitions are not comparable and will not be discussed further.

3.2.1 Alternatives to and advantages of gain-switching

Several alternative techniques of pulse generation have been developed
based on various physical principles [99]. The most common techniques
are mode-locking and Q-switching, but external modulation of a CW
laser, self-pulsation, and amplification of a modulated diode laser are
also relevant to consider. The results from GS of fiber lasers described
above can hardly compete with e.g. Q-switched fiber lasers where peak
power >100 kW and pulse duration <10 ns is achieved routinely [10,
139-142].

The motivation for heading towards GS fiber lasers are that they can
be built to be completely fiber-integrated, which is in contrast to com-
mon Q-switched or mode-locked lasers that require free-space coupling
to for instance an acousto-optical modulator [143-146]. A completely
monolithic system is desired in many applications because it has the ad-
vantage of being mechanically and thermally robust, cost-effective, and
compact. Maybe more importantly, the devices are turn-key and can be
operated by untrained personnel.

Several methods of pulsing all-fiber lasers have been examined but it
turns out to be rather challenging. A few examples of such pulsed fiber
laser are listed here; Femtosecond pulses can be produced by mode-
locking through the use of nonlinear polarization rotation [147]. Active
Q-switching has been achieved by detuning the cavity through elonga-
tion of one of the fiber Bragg gratings [148,/149]. Passive Q-switching
has been demonstrated with specially-doped or standard small-mode-
area saturable absorber fibers [150,|151]. The fiber geometry allows for
a very high single pass gain of more than 50 dB, which is advantageous
in amplifiers. However, the high gain increases the requirements for
the contrast of a Q-switching element [10] and is the origin of often
destructive self-pulsation [152]. Compared to these results, the GS of
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fiber lasers has the advantage of being highly effective, having a simple
construction, and being able to generate high energy pulses.

The closest alternative technique to GS is Q-switching and they are
sometimes confused |153]. The similarities and differences will therefore
be pointed out. GS is related to Q-switching in the way that the pulses
grow from spontaneous emission within the nanosecond time scale. The
major difference is the time available for pumping [99]. In GS the gain
medium can only be pumped for a short time interval, typically a few
microseconds, before the pulse builds up. This is in contrast to Q-
switching, where the pump time can be as long as the lifetime of the
upper state, which for rare earth doped glasses is hundreds of microsec-
onds. This means that the pump (peak) power requirement for applying
GS is more than an order of magnitude higher. However, GS is increas-
ingly interesting due to the decreasing cost of pump diodes, the all-fiber
construction and no need for specialty components [10].

3.3 Modeling approach

Theoretical modeling and numerical simulations are important to un-
derstand the dynamics and characteristics, and to optimize the system
parameters for a particular application. A laser is inherently a deeply
quantum mechanical device, however a complete description is seldom
necessary. The dephasing rates of excited rare-earth elements at am-
bient temperature are fast, hence coherent quantum optical effects can
be neglected (except stimulated emission of course) [154]. This justifies
the use of rate equations to describe only a few discrete energy levels as
thoroughly derived in |[154//155]. This approach is therefore semi-classical
and is rigorously derived under the approximation that the population
inversion changes slowly compared to w/27, and that the change in the
refractive index due to the redistribution of the electrons in the ions can
be neglected [155].

The quantitative description of the process of GS is quite involved
due to the linear growth of the population inversion and simultane-
ous exponential amplification of spontaneously emitted photons (ASE),
which reduces the population inversion. This problem is nonlinear and
no analytic solution exists. Two approaches are chosen in order to solve
the dynamics of GS of a fiber laser.

Firstly, a detailed model that couples the propagation equation of
the optical power and the rate equation of the population inversion is
solved numerically using a finite difference scheme. The level of approx-
imations are kept very low to make the model as accurate as possible,
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but this comes at the expense of computational speed. The variation
of the population inversion with length and radial position is taken into
account and an arbitrary number of ASE wavelengths and transverse
modes can be calculated. The pump is modeled as forward and back-
ward propagating powers as is the signal and ASE wavelengths. This
means that pump saturation effects are also taken into account.

Models with this amount of detail are described in [151,156] where
they are applied to an Er-doped planar ring waveguide and all-fiber
passive Q-switching, respectively. Similar models have been solved in
the steady state in [157H159]. A detailed model has recently been applied
to GS of fiber lasers [120,/121,/123,|160] except that the pump is not
propagated and the radial dependence is neglected. The model used is
similar to those found in [161,/162], where Q-switching of fiber lasers
has been investigated. Studies on Er-doped and Yb-Er-codoped fibers
have shown that the radial dependence can have a significant effect on
amplification [158.[163}|164], and the model developed and implemented
in this project will be able to tell if this concerns GS. Furthermore, the
spontaneous emission that seeds the pulse is examined in detail.

A second and simpler model is also developed. Here the population
inversion and the photon density are assumed to be homogeneously dis-
tributed in the core and along the length of the cavity. The advantage of
this is that it can be solved by simple numerical integration and a linear
stability analysis can be carried out analytically. The outcome is an
expression for the relaxation oscillation period and from this the pulse
duration can be defined. It is based on the early solutions to the rate
equations of the laser [96}98] and a similar approach has been applied
to GS in [51}/1004/165,[166]. This model is derived here to validate the
approximations in the specific case of the cladding pumping scheme and
to test the accuracy of the approach.

3.4 The detailed model

It is possible to solve the propagation equation in Eq. for example
by the finite difference or split-step method [71]. However, the process of
GS does not rely on any phase relation between the longitudinal modes
as does for example mode-locking. It is therefore a good approximation
to only consider the propagation of the optical power. Such a model is
called a traveling wave model and is used widely within simulations of
fiber lasers and amplifiers [146,|151,157-159.|162].

The coupling of light with the energy level population is handled
through absorption and emission cross sections. They are defined as the
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change in the intensity I, (r,t) at angular frequency w with propagation
distance z as
dl, Nohw

E = {NQO’ew — Nlo'aw}Iw - awIw + nw,SE

(3.1)

where Na(r,t) and Ni(r,t) are the number density of atoms in the up-
per and lower lasing level, respectively, a,, is the loss at the angular
frequency w, hw is the photon energy, and 7 is the upper state lifetime.
The last term is spontaneous emission, which does not depend on the in-
tensity. The spontaneous emission is emitted in all directions and within
the emission bandwidth of the ion. Therefore, the efficiency of coupling
of spontaneous emission 7, sg(r ) is introduced. The intensity is split
into the monochromatic components and the sum over all frequencies is
the total intensity I =) I..
The rate equation of Na(r,t) is given by

8N2 N2

Z (0wt = TewNa) = - (3.2)

This rate equation is suitable for Yb-doped fiber, but if Er or Tm are
simulated, more energy levels and their coupling coefficients must be
included [163].

The propagation equation of the optical power is derived by consid-
ering energy conservation of the electromagnetic energy density given
by I/vg in the segment Az, where v, is the group velocity. The rate
of change of the energy density equals the inward I,(z,t) and out-
ward I,(z + Az, t) propagating intensities and the intensity generated
through stimulated emission G(z), which equals the right hand side of
Eq. [1541|167]. The equation of continuity can thus be written

% (Iw(z, t)ﬁ;) =I,(z,t) — I,(z + Az, t) + G(2)Az, (3.3)

Propagation in either direction of z can be accounted for by denoting
the intensity variable I and I for forward and backward traveling
intensities, respectively. By assuming v, = c¢p/n and taking the limit of
Az — 0 leads to
n 01 + n % B
Co 875 0z

The geometry of the optical fiber dictates translational symmetry, hence

G(2). (3.4)

If(rvt) :pf(z,t)\llw(rL), (35)
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where the optical power pE(z,t) = |A(z,t)|? and transverse mode pro-
file ¥, (r.) = ¥?(r,,w) according to the definitions in section m
The power corresponds to the spectral power located within the interval
[A — AX/2; A+ AN/2]. Cylindrical coordinates are used so that

r={r6,z}, r, ={r6}, dS = rdrdf (3.6)

It is assumed that the total number density of atoms are Ny(r,t) =
Ny + Np. The fraction of the ions in the upper state is defined

na(r,t) = Na(r,t)/No(r), (3.7)

and nq can be similarly defined, hence it follows that ny + ny = 1. The
lower lasing level ny = 1—ny is a dependent variable and is not necessary
to model.

By combining Egs. , , , , and and integrating
over the transverse plan, the final rate equation of population inversion
can be put forward

Ona(r) _ mo (5 +1p3)
8t - _?2 + Zw:[o-aw - (an + er)nQ]\Pw(T)T (38)
together with the propagation equation
ndpy . O +
EW + W Py / N()\IJ[(UQW + er)'rLQ - O'aw]dS
hw
—aupt + — / / Nw.5ENonadS. (3.9)
2

In the next section the spontaneous emission fraction 7, sg is dis-
cussed and illustrative examples are presented. The implementation is
described shortly in Appendix [C}

3.4.1 The spontaneous emission

In GS the pulse grows from spontaneous emission and it is therefore
of crucial importance to include this contribution. There is no agree-
ment on how to treat this term and several semi-classical models can
be found in the literature [120,/151,/157-H159,|162,|168-171]. The idea
is to describe the probability that a spontaneously emitted photon is
within the bandwidth of the optical resonator and within the supported
NA of the fiber core. The contributions to the probability are therefore
the spatial fraction nffg%al and the spectral fraction nffg%ral. Often the
number of supported modes m are included, and it holds that m = 2
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for a single mode core with two polarization states (modes). The total
efficiency can therefore be written as
o spatial spectral
nw,SE(rJ_) =m:- nw,SE ’ nw,SE (310)
One approach to find the description of the spatial contribution relies

on solving the overlap of far-fields of a radiating dipole (the ion) and
the transverse mode. It is written as [157]

spatial,1 _ 1 |ff (I)D(I)MdS‘Q
oSBT 3 T1@pdS [ [®a]2dS’

(3.11)

where ®p is the far-field of the emitting dipole and ®j; is the far-field
of the transverse mode in the fiber. The solution in the limit of small
angles (NA <0.2, V >1) is |157,/159,172]

spatial,1l )‘2
P = g Y (3.12)

An alternative method is a geometric approach, where the solid angle
spread by the NA of the fiber 7NA?/n? is compared to the solid angle
of an emitting dipole of 47, hence [159]

2
spatial,2 NA
DsE = g (3.13)

The spectral component depends on the fraction of light emitted
within the relevant bandwidth AX (or Aw) with respect to the total
emission and is written as [157]

spectral,l _ OewAw _ Ue()\)A)\
oo SE fo'ewdw fO'e()\)d)\

(3.14)

It is possible to combined of Egs. (3.12) and (3.14) using a relation
between the spontaneous emission and an approximation for the lifetime

7o and assuming uniform distribution of ions over the core region [151}
159,/162]

spectral,2 M( spatia1,1>_1 (3 15)

nw,SE - AN2 nw,SE
The results [159] and [162] differ by a factor of n. Alternatively, a
one-photon-per-mode approximation can be used, which is defined as

[158]169]

spectral,3 CoT20 e VAN

NosE = AvTooe, U = 32 (3.16)
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In the literature different combinations of the spectral and spatial
components are used. For example in [158,|169] only the one-photon-
per-mode is used and in [168] a fitting parameter is added to the model
to obtain agreement with the experimental results. In [159] the spatial
contributions nffjg%al’l and nzrjg%alﬁ are compared and m = 2 is used,
but to obtain agreement with the results another parameter (overlap
I', see section is fitted. Eq. and m = 2 are used in [162]
and is generalized in [151] to include the radial dependence. Recently, a
simulation of GS is shown in [120,[160] where 7, s presumably is fitted
to experimental data.

It is interesting to illustrate the differences between the approaches
for realistic parameters. The chosen parameters are: AA =1 nm, A=1064 nm,
n = 1.45, NA=0.087, V = 3, A = 36mum?, 7 = 800us, 0e, = 2.5 -
10~2°m?, and a step index profile is used; hence J NoWdS = NoI'/A and
I" = 0.93. The spatial contributions are in this case: nffg%al’l =3.5-107*

and 7721?;‘%312 = 9.107*, which is in fairly good agreement. The spec-

tral contribution are nng%ral’l =3.3-1073, nzp;céralﬂ =1.3-1073, and

ni‘?g%ram = 4.4-1077". The first two are also in good agreement with one

another, whereas they both differ from the last approximation by almost
four orders of magnitude. The last is used in time-independent simula-
tions of amplification of spontaneous emission (ASE), which might be
the reason for its validity and why it can applied effectively. For this
reason the one-photon-per-mode approach will not be used here. As the
different approaches yield similar results, it has been decided that Eq.
will be used as formulated in [151] in its implementation in this
thesis.

3.5 Simulation results

In this section the detailed model is used to visualize the GS process
and put forward some general trends. The results from simulations will
also be compared to selected experiments to determine the degree of
correspondence.

A set of standard parameters are used, unless otherwise stated in
the caption of the figures. The parameters are close to one of the laser
configurations examined in the experiments (laser configuration C as
described in section . The parameters are: Pyymp = 79 W, Lyp, =
7m, Lpas = 1 m, Rir = 15%, Rur = 100%, A, = 1 nm, NA=0.087,
Apump = 915 nm, and A\¢ = 1064 nm, 2a = 12.5pum, D.,q = 125um,
and Ny = 6-10?*m~3. For simplicity no ASE wavelengths are simulated
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unless otherwise stated, hence only the pump and signal are propagated.

The numerical parameters are chosen through a compromise between
accuracy and computational time, thus Q = 0.8, N, = 75, dt = 0.45 ns,
h = 0.11 m, and N, = 10. The simulation time of a single pulse train
is between 1-10 minutes depending on the specifications of the PC and
the numerical resolution.

In Fig. the initial dynamics of GS can be seen. After 4-5 pulses
the pulse train has stabilized so that the variation of peak power and
pulse duration are less than 0.5%. The first pulse requires a longer pump
pulse because transparency must first be created before the pulse can
start to build up.

The impact of the pump power is shown in Fig. where the pump
power is varied from 15-150 W. The pulse duration is seen to decrease

approximately as tg o Pgulr{i , 120|. The peak power increases al-
most linearly with the pump power with a slope around seven. Such
fundamental analysis of GS is common to carry out to characterize the
performance of the fiber laser. Examples of such analysis can be found
in and will also be shown in the chapter describing the

experiments.
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Figure 3.3: Instantaneous output power starting from the when the laser is shut
off until the pulse train is stabilized.

Radial discretization is one of the strengths of the implementation
developed in this project and the influence of non-homogeneous radial
distribution of the excited state population will now be discussed. The
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Figure 3.4: Influence of increasing pump power on the pulse duration and the peak
power.

reason that the radial distribution of the excited population ns is non-
homogenous is that the transverse mode in the core has a bell-like dis-
tribution. In general, this causes the population inversion in the center
of the core to be depleted faster than the population inversion in the
outer core. Before investigating the actual distribution it is relevant to
evaluate the required number of radial points to obtain accurate results
without unduly increasing the simulation time. Therefore, in Fig. [3.5
the influence of the number of radial point N, on the peak power and
the pulse duration is examined. It can be seen the peak power and pulse
duration converge to a given value when the number of radial points is
above about 20. At 10 radial points the error of both is below 2%, which
in most cases is an acceptable error level, and therefore will this number
of points be used in most of the following simulations. When only a few
points are used the discrepancies become so large that the solution is
invalid. For only a single radial point, which corresponds to the case of
a homogeneous radial distribution, the pulse duration is only about 2%
shorter than the converged solution and the peak power is 6% smaller.
This deviation is rather small considering the large variation of actual
no population as will be discussed below.

In Fig. the population of ny(r, z) is shown at the time for which
the total population is at the highest i.e. right before the pulse is gen-
erated. In Fig. na(r, z) is shown at the time right before the pump
is turned on, hence the population is at its lowest value. The difference
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Figure 3.5: The pulse duration and peak power at increasing number of radial
points.

between Figs. [3.6] and [3.7] corresponds to the extracted energy of the
GS pulse. The minimum population is about ~1% which corresponds
to the transparency condition ng = 04w/(0aw + Tew). The maximum
population is at the outer core close to the high reflector (small z). This
region can not be completely depleted for several reasons: the overlap
of the outer core and the transverse mode is small, the pump power
is highest at this point, the area is largest in the outer core so a large
fraction of pump power is absorbed, and the sum of the forward and
backward propagating power is not sufficiently high to deplete the high
population. In the case shown the maximum population is 13% before
pulse generation, and after the pulse is generated the remaining max-
imum population is close to 10%. A high population of ny leads to a
high amount of spontaneous emission. This means that the probability
that the pulse is seeded by photons emitted from this region is high.
Based on these results it is hard to argue that radial dependence can
be neglected in accurate modeling of GS as done e.g. in [120,|160]. An
extenuating circumstance might be that the fiber laser in [120] is back-
ward pumped whereby the distribution of the forward and backward
propagating powers is different.
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Figure 3.7: Population of the excited state m2 long time after generation of the
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It is also instructive to visualize the distribution of the optical power
in the cavity during the generation of the pulse. This is illustrated in
Figs. 3.8 and [3.9] where the forward and backward propagating power
are shown, respectively. Note that the scales of the power axes are
different in the two figures. It is seen that the pulse is generated ho-
mogeneously in the cavity as function of time. Backward propagating
power is seeded by the reflected portion of the forward propagating light
at the low reflector. It grows slowly until about 1-2 meters before the
high reflector grating where it increases rapidly due to the high popu-
lation inversion, as shown in Fig. The boundary condition for the
high reflector Eq. applies, hence pl (Lyr) = Ruwp, (Lur). The
forward propagating power increases mostly in the first half of the fiber
length and reaches the maximum value right before the low reflector
grating. From these figures it can be deduced that the GS process oc-
curs with such a slow rate, compared to the propagation rate, that all
points in the cavity at all times are in quasi-equilibrium.

The influence of the spontaneous emission and amplified spontaneous
emission (ASE) in the early stage of the GS process will be addressed
in the following. These effects are included in the model by simulating
a number of wavelengths that do not have feedback by reflections. The
wavelengths are spanning the most relevant emission wavelengths of the
Yb ion between 1020-1130 nm. The number of discrete wavelengths is
again a compromise between accuracy and computational speed. The
number of wavelengths simulated was chosen to be 20, which corresponds
to a bandwidth of AAasg = 5.5 nm.

In Fig. the instantaneous power in dBm is shown for the pump,
the laser emission, and four selected ASE wavelengths. It can be seen
that power at these wavelength is low and will not affect the optical-to-
optical efficiency of the laser. However, it is interesting to see that the
it takes about 500 ns before the power at the laser wavelength exceeds
the ASE power level. This corresponds to more than six round trips
in the cavity. During this time span the laser wavelength is competing
against the ASE wavelengths over the gain. However, by comparing two
identical simulations with either ASE included or no ASE wavelengths,
it is found that the ASE wavelengths play no role in the output pulse
characteristics. It is therefore a good approximation to neglect ASE
wavelengths under typical conditions.
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Figure 3.8: Forward propagating power in the cavity during pulse generation.
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Figure 3.9: Backward propagating power in the cavity during pulse generation.
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The power at the ASE wavelengths increases during the pump pulse
but it is nothing compared to the power propagating at the laser wave-
length. The dramatic amplification of more than 80 dB of the laser
emission in the short time period of a few microseconds illustrates the
extreme physics involved in GS. It can also be seen that after emission of
the pulse the output power at the laser wavelength decays exponential
(linearly on the dBm scale) at a rate given by the cavity decay time
(see Appendix @[) It takes almost 1.5 s for the emission at 1064 nm to
reach the ASE level around -30 dBm. This imposes an upper limit on a
repetition rate for such a laser configuration.

It can be seen that the power level of the ASE wavelengths shown
in Fig. [3.10] varies about 15 dB. To further investigate the variation
with wavelength the time-averaged power spectral density at the ASE
wavelengths are shown in Fig. [3.1I] The maximum of the ASE is at
1072 nm, which is close to but slightly longer than the laser wavelength.
This can be explained by the fact that ASE tends to have maximum at
the lowest wavelength that fulfills the transparency condition, which is
given by the remaining inversion level. The level of the power spectral
density spans -50— -32 dBm/nm). For comparison the power spectral
density is +45 dBm/nm during laser emission at 1064 nm.

601 ——ASE 1030 nm i

—— ASE 1060 nm
S0r —ASE 1090 nm ||
40- ——ASE 1120 nm i
—— Emission 1064 nm
301 ——Pump 915 nm H

Power, dBm
[B=Y
o

Figure 3.10: Instantaneous output power during a complete pump cycle. The
pump at 915 nm and the emission at 1064 nm are shown together with ASE at
four selected wavelengths. The number of simulated ASE wavelengths are 20, which
corresponds to a bandwidth of 5.5 nm.
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Figure 3.11: Time-averaged power spectral densities at the 30 simulated ASE
wavelengths.

3.5.1 Optimizing input parameters

It is of interest to optimize the peak power and pulse duration for spe-
cific applications. By varying the fiber and resonator parameters in the
model, the effect on the peak power and the pulse duration can be found.
In the following, only the peak power is considered because it is the most
important in SC generation. It is assumed that the model describes the
physical system equally correctly for all inputs.

The number of radial points in these new simulations is set to 10
and no ASE wavelengths are considered. The standard parameters are:
Ppump =175 W, LYb =17 m, LLR =38 m, RLR = 15%, A)\e =1 nm,
NA=0.08, A\pump = 915 nm, and A\ = 1064 nm. The peak power for the
standard set of parameters is found to be 587 W . When the position
of the low reflector L1 is shorter than the active fiber length Lvy, the
rest of the active fiber is simulated as if it is spliced to the output of the
low reflector grating.

The resulting relative improvements to the output peak power are
listed in Table In each line only the parameter to the left is changed
and all other parameters are fixed. It can be seen that according to the
model that it is favorable to have a long wavelength, narrow bandwidth,
low reflection at the output, not too long or too short of a cavity length,
and a low NA fiber core. When all these improvements are combined, i.e.
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Ligr =3 m, Rig = 5%, AX; = 0.01 nm, NA=0.03, and A\, = 1080 nm,
the peak power reaches 1090 W, which corresponds to an improvement
of 85% more peak power compared to the standard configuration. The
underlying reason for the improvement is related to reducing the cou-
pling of spontaneous emission into the laser mode.

Here only a few selected parameters are optimized but one could
also consider optimizing the doping density, the pump wavelength, the
distribution profile of the ions in the core, core size, passive fiber length
in the cavity, and if forward and backward pumping differs. It is un-
fortunately a humongous task to investigate the entire parameter space
through simulations and even more time consuming to validate the re-
sults experimentally. For this reason a simplified model will be derived
in the following section, which has the advantage that an analytic ex-
pression for the pulse duration can be derived. Furthermore, it turns
out that this model is capable of describing the experimentally obtained
pulse duration as will be discussed in section [£.3]

Parameter Conf. 1 (diff.)  Conf. 2 (diff.) Conf. 3 (diff.)
e 1030 nm (-26%) 1050 nm (-8%) 1080 nm (8%)
Ale 10 nm (-11%) 0.1 nm (1()%) 0.01 nm (200/()
Rir 50% (-34%) 25% (-9%) 5% (6%)
Lir m (10%) m (16%) m (4%)
NA 0.14 (-12%) 0.05 (12%) 0.03 (29%)

Table 3.1: Relative improvement to the peak power via variation of the model
input parameters relative to the standard parameters. Only the parameter
listed to the left is changed in each line.

3.5.2 Comparison to experiment

The numerical model has now been used to reveal physical insight into
the process of GS and some general trends have been discussed. It is
also of interest to compare the numerical results with the experimentally
obtained results to evaluate the accuracy of the model, which is the topic
of this section.

The details of the experiments will be given in section [ and for
now only the temporal profile of a pulse will be used. The parameters
used in the modeling are designed to be as similar to the experimental
parameters as possible.

In Fig. temporal pulses are shown, which are obtained in both
experiments and through simulations. It can be seen that the peak power
found in the experiment of ~640 W is in reasonably agreement with the
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peak power obtained in the simulation of 580 W for m = 2, which
corresponds to single-mode operation. The pulse duration (FWHM) in
the simulation is 210 ns and in the experiment it is 153 ns, so when it
comes to the pulse duration the agreement is not satisfactory.
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Figure 3.12: Experimental pulse profiles at a pump power of 75 W and 7 m active
fiber using laser configuration C (section |4.1)). Simulated pulse profiles are also shown
for which the coupling strength of the spontaneous emission into the laser mode m is
varied. The number of radial points is 15 and ASE wavelengths are neglected.

The fiber used in the experiment discussed here supports up to 6
modes (V=3.2), which means that the core can guide more of the spon-
taneously emitted light. The coupling of the spontaneous emission to
the laser mode is controlled by the m-parameter (among others); there-
fore, a series of simulations with varying m-parameter are also shown
in Fig. It can be seen that peak power of the pulse is reduced
with increasing m and vice versa. It is found that in order to fit the
peak power the level of the experiment of 640 W an m of 0.2 is needed.
However, at this value of m the pulse duration is 200 ns. At even lower
value of m the pulse duration can be seen to decrease and at m = 2-1073
it is 185 ns, which is closer to the experimental value.

Different configurations and pump power levels have been simulated
and similar discrepancies to the experiments are generally found. For
example, for a Yb-doped fiber length of 1 m the peak power and pulse
duration obtained in the experiments are 270 W and 132 ns, respec-
tively. The simulation results for this configuration yields a peak power
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of 321 W and a pulse duration of 136 ns for m = 2, and to fit either the
peak power or the pulse duration by the m-parameter results in reduc-
tion of the agreement to the experiment of the other output parameter.

At this point, it remains an open question what causes the devia-
tion between experiments and simulations. The spontaneous emission
power level in the experiment might be different than what the mod-
eling predicts. The used spectroscopic data (cross sections) could also
not be representative for the fiber in the experiment, even though it
is provided by the fiber manufacture. The radial distribution the Yb
ions are assumed homogeneous which might not be correct. Alterna-
tively, pulse compression by nonlinear self-phase modulation, which are
neglected here, could maybe explain the discrepancies.

In order to approach the experimental results one or more fitting
parameters are required for now. This undermines the further evaluation
using the model because these fitting parameters depend on unknown
factors.

3.6 The point model

A simplified model will be derived, which has the advantage of being
easier to solve than the detailed model in section From this model,
an analytic expression for the pulse duration can be derived, which is
more practicable than a numerical model.

The population inversion and the photon density are assumed to be
homogeneously distributed along the length of the cavity. Therefore,
we can consider the simple rate-equations for a point model of a quasi
four level laser medium (o, & 0) [99]. Thus, the population inversion
density is TI(t) = V! [ Na(r,t)dr and the photon density in the cavity
is ¢ = V! [(p} + p;)dr, where V = [ dr = AL is the volume of
the core, with A being the core area and L the cavity length. The ion
density is described as No(r) = No®(r ), where ®(r ) is the transverse
distribution function. The z dependence can be neglected and the rate
equations are then reduced to [99]

T = Teadl(t)o(r) —n(t)/m: +p (3.17)
% = Teo I(B)(t) — 6(t)/re+ 5 — cd(t)s,  (3.18)

where I' = f ®WdS is the effective overlap of the optical mode and the
doped area, ¢ = ¢o/n the speed of light in the medium, o, the emission
cross section at the emission wavelength, p = Paps/(VTuw,) the absorbed
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photon pump rate density, 7. the cavity decay time defined in Appendix
S the source of photons due to spontaneous emission, and ¢ the loss.
In the following the fiber loss is small and therefore neglected.

The instantaneous output power is given by Poyui(t) = hw.V ¢(t) /7.
The rate equation in Egs. and can easily be solved nu-
merically e.g. using a time-step integration method. An example of a
solution is shown in Figs. a) and where both GS operation and
relaxation oscillations are shown.

The simplified and the detailed models have been compared and
similar results can be obtained. In the simplified model the description
of the coupling of the spontaneous emission to the laser mode determines
the output pulse characteristics — as was the case with the detailed
model.

The coupled equations are nonlinear and cannot be solved analyt-
ically, however an approximate analytic solution can be obtained by a
linear stability analysis around a well-defined state. It is advantageous to
use the steady state (CW) solution, where the population inversion den-
sity and the photon density are given by IIg = ps7e and ¢s = 7c(p — ps),

respectively, and the threshold power is defined as ps = (I'cooTem2) L.

Eqgs. and are now linearized around the steady-state
solution. We define IT; (¢) = II(¢)—IIs and ¢;(t) = ¢(t)—¢ps. The product
of ni¢y is at first assumed to be small and this crucial approximation
will be validated later. After some algebra the problem is reduced to a
second order linear differential equation [99]

d*¢1 doq

o+ (Ceoeds + 7’271)? + (Ceoe)*Hypspy = 0. (3.19)

This is of the form of a damped harmonic oscillator, which has the well-
known underdamped, overdamped, and critically damped solutions. As
T is much longer (hundreds of microseconds) than 7. (nanoseconds) for
rare earth doped glasses, it can be shown that the equation is dominated
by the last term. The solution is therefore of the underdamped type [99].
From the solution to Eq. (3.19) we find the period of the relaxation
oscillations, which is given by [51]

nSiO2AL hyp 12 (3 20)
col'oe  Paps ’ .

TR = 27\/TaTc(p/ps — 1)_1/2 2T <

when it is assumed that the laser is driven well above threshold: p/ps > 1.
The absorbed pump power is related to the active fiber length by P,ps =
pVhwy, = Ppump(1 — exp{—0.23cqpLy}), where agp is the pump ab-
sorption coefficient and Pyymp is the incident pump power. The to-
tal cavity length is the sum of the passive and the active fiber length
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L = Lpas + Lyy. If the laser is not well above threshold, as for example
in the case of three level lasers such as Tm-doped fiber lasers, the full
expression in Eq. must be used.

At first glance it might seem unreasonable to use the linear stability
analysis of the rate equations to describe the GS process, which is not
a small perturbation to a steady state. However, in the GS process
the population inversion oscillates out of phase with the photon density,
which can be interpreted from Fig. Here it can be seen that when
the population inversion is high the photon density is small and vice
versa. In the derivation of Eq. 111 ¢1 is neglected from the sum
(IIs¢1 + 15 + I11¢1), hence the error of the approximation £ can be
evaluated numerically by

_ Iy
‘Hs¢1| =+ ’HId)S‘ '

This error is shown in Fig. for typical parameters used in this
project. It is seen that £ reached its maximum value of ~0.6 at the
front of the pulse and decays with the relaxation oscillations. Thus, the
influence of the term is canceled out because || < 1 and the fact that it
is oscillating rapidly compared to 7. The assumed product II;¢; = 0
is therefore a fair approximation.

The relaxation oscillation period is central for GS because it dictates
the time scale of the dynamics. In [51] the pulse duration ¢y of pulses
produced by GS of an Nd-doped core-pumped fiber laser was found
theoretically and experimentally to be related to Tr by

£(1) (3.21)

The derivation in [51] involves some questionable approximations, i.e.
ton = 0.57R; however as will be seen later, the pulse duration measured
in the experiments match excellently with the pulse durations found
using Eq. .

The pulse duration, therefore, has a square root dependence on the
cavity length and the core area and an inverse square root dependence
on the pump power. This is in contrast to Q-switching where the pulse
duration depends on the mirror reflectivities and has a linear dependence
on the cavity length [99].

3.7 Summary

In summary, the detailed model is an excellent tool for obtaining insight
to the fundamental physics behind the GS process and general trends
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Figure 3.13: Simulated GS operation with evaluation of the linearization error €.
The parameters are typical for GS cladding pumped Yb-doped FLs: 75 W pump at
915 nm, a 7 m cavity, and a core diameter 10 pym.

can be derived. The radial dependence is shown to be an important
parameter when describing the non-homogeneous excited state popula-
tion accurately. It is also concluded that the low power present at ASE
wavelengths does not, under typical conditions, contribute significantly
in the GS process. Alas, the model is computationally heavy and the
agreement to experimental results is not sufficient.

A simplified model is derived and a linear stability analysis has been
carried out, and validity of it is analyzed. The outcome is that the
relaxation oscillation period can be found analytically, which is known
to be related to the pulse duration of GS pulses. The simplified and the
detailed models have been compared and similar results can be obtained.
In the simplified model the description of the coupling of the spontaneous
emission to the laser mode determines the output pulse characteristics
— as was the case with the detailed model.






CHAPTER 4

Gain-switching experiments

In this chapter the GS experiments carried out in the course of the
project will be presented. The experimental methods and configura-
tions are described. The experiments are arranged so that one topic
regarding a characteristic of GS is treated at a time. The experiments
are therefore presented in a rather condensed form with focus on dis-
tinctive properties of GS. The discussed output parameters are the peak
power, pulse duration, and spectral bandwidth. Both dynamics of GS
at high and low repetition rates are investigated and discussed. Fi-
nally, the opportunities and limitations of GS of Yb-doped fiber lasers
will be summarized. Some of the results presented here are published
in [52,/173,[174].

4.1 Laser configurations and methods

The current fiber laser technology, common components, and methods
by which to measure the output properties of fiber lasers are given in
Appendix [Bl The addition of this appendix is intended to be an intro-
duction to the terminology for the reader not familiar with fiber laser
technology.

The typical experimental setup is illustrated in Fig. [4.I] During
the course of this project several configurations of active fibers and fiber
Bragg gratings (FBGs) have been built. In Table the properties
of the active fibers and FBGs used are summarized. The maximum
available pump power and the maximum repetition rate by which they
have been gain-switched are also listed. The typical slope efficiencies, the
maximum obtained peak power, and minimum obtained pulse duration
in GS operation are also summarized.

o1
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Figure 4.1: Experimental setup used in the project for GS in configuration A,
B, and C. The differences between the configurations are listed in Table The
free-space components are collimator (Col.), dichroic mirror(DI), and beam sampler

(BS).

The FBGs in configuration A are written directly into the core of
the active fiber, which is Ge-codoped to assist with the grating writing
process, and no passive fiber length is present in the cavity. In con-
figuration B, C, and D the FBGs are written in the a Ge-doped fiber
(TeraXion), that is subsequently spliced to the active fiber to form the
cavity.

The power supplies of the pump lasers in configuration A and C are
capable of operating at a high repetition rate, which corresponds to a
high average output power of tens of Watts (IXYS Colorado formerly
Directed Energy, or Messtec Power Converter GmbH). This is in contrast
to configuration B and D, where the maximum limit on the repetition
rate is about 8 kHz (Picolas GmbH) and the maximum average output
power is a few Watts.

The wavelength of the pump diodes is around 915 nm (JDSU, Oclaro/-
Bookham/Prophotonix, Jenoptik), and the maximum coupled pump
power is varied between the configurations. In configuration C both
pump diodes with wavelengths of 915 nm and 976 nm are used, and
the maximum CW pump power is 75 W and 100 W, respectively. The
pump diodes with wavelength of 976 nm are temperature controlled to
stabilize the center wavelength.

4.1.1 Experimental method

All components of the fiber lasers are spliced and fulfill the requirement
of being all-fiber lasers. The active fiber is coiled to a diameter for which
the fundamental mode is primarily present. The splices are re-coated
with a low refractive index polymer.

The output fiber is angle-cleaved and an anti-reflection-coated lens
is used for collimation as can be seen in Fig. In configuration B
and C pump light is present at the output, which is separated by a
dichroic mirror. The power of this residual pump light is measured by a
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Configuration A B C D
Name of fiber AeroLase Liekkil0 Liekkil2 Liekki20
Mode field diameter (um) | 15 10 12.5 20
Core NA 0.073 0.08 0.087 0.07
Cladding diameter (um) | 250 125 125 125
Cladding NA 0.60 0.46 0.46 0.46
Cladding geometry Air-clad  Round Octagon Octagon
Pump absorption (dB/m) | 0.5 1.7 2.0 6.2
Polarization maintaining | No Yes No No
MO length (m) 7 2.8 0.5-7 3.5
Passive length (m) 0 0.4 0.5-1.1 0.4
Gratings In-fiber Spliced  Spliced  Spliced
Low reflectivity (%) 15-20 13.7 14.7 11.9
Center wavelength (nm) 1064 1063.5 1064 1080
Bandwidth (nm) <0.5 0.185 0.96 0.5
Combiner 61(10):1  7(2):1 7(7):1 T

Abs. slope efficiency (%) | 75 36 83-90 75
Max. pump power (W) 105 230 75-100 1500
GS peak power (W) 730 700 900 9000
GS pulse width (ns) 210 66 80 40
Max. rep. rate (kHz) 500 8 1000 8

Table 4.1: Laser configurations used in the course of the project. The notation
used for describing the combiner should be read as that in configuration A the
combiner has 61 input ports, whereof 10 is used, and it has one output port.
1 Configuration D has both a forward combiner (7:1) and a backward combiner
with signal feed-through (6-+1:1) as can be seen in Fig.

power sensor and meter. The light at the signal wavelength is incident
on a beam sampler (wedge). The reflected light is diffused with a ce-
ramic diffuser, and the temporal dynamics of the signal is detected by
a photodiode (Thorlabs) whose output photocurrent is measured by an
oscilloscope (Tektronix). The transmitted light is used to measure opti-
cal output power via a thermal power sensor and meter (Ophir 250 W).
The measured output power is corrected for the power lost in reflection
by the beam sampler.

The fiber laser is first characterized under CW pumping to extract
the slope efficiency, the absorbed slope efficiency, and the optical-to-
optical efficiency (see Appendix . The ratio of signal power in the
core and signal power in the cladding is measured by an adjustable iris.
At high repetition rates the thermal load on especially the splices can
be high, and their temperature is measured by a thermal camera. The
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laser efficiency during GS is essentially the same as the CW efficiency.

In GS operation a given pump (peak) power and a duty-cycle are
selected. The repetition rate is then increased or decreased until only
a single spike is emitted, i.e. no subsequent relaxation oscillations are
present. This condition is mostly met when the pump pulse is shut-off
at the peak of the output GS pulse. Hysteresis effects can occur due to
energy storage dynamics at high duty cycles (i.e. short time between
the pump pulses), but can mostly be avoided by turning off the pump
diodes before the repetition rate is changed.

In order to analyze the peak power and the pulse duration of the
pulses, a Gaussian fit to the pulse temporal profile recorded with the
oscilloscope is calculated as seen in Fig. The peak power is then

found as
Pave E

Ppeak = o = W (4.1)
where P,y is the measured average output power of the fiber laser, f the
repetition rate, E = Pa..f' the pulse energy, and the pulse duration
to is determined as the FWHM of the Gaussian fit to the profile such as
that shown in Fig. The pulses do not have a perfect Gaussian shape
but the method allows for an approximate and consistent determination
of the peak power and the pulse duration. The residual power lying
outside of the Gaussian fit has been evaluated and the fraction of the
power outside the Gaussian function is typically 3% and at most 5%.

4.2 The peak power

The peak power of the pulses produced by GS is essential for the ap-
plication of SC generation (see section [5)), and is therefore investigated
thoroughly. First, a simple examination of the peak power as function
of pump power is given. Second, general dependencies are extracted by
analyzing the peak power obtained in a variety of configurations.

The peak power (and the pulse duration) versus the available pump
power is shown in Fig. [£.3] It is seen that the peak power varies linearly
with pump power, and the slope has been evaluated at 6.6 W/W. By
comparing the characteristics here to the simulation results in Fig. [3.4
the same trends are observed.

The linear behavior has also been found theoretically in [100] and it
has been shown experimentally in recent publications for a fixed active
and passive fiber length [114//115,/120]. However, the effect of varying
the cavity length on the peak power has not been explained in detail
before and this aspect will be discussed in the following.
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Figure 4.2: Determination of the peak power of a pulse via a Gaussian fit. The
pulse shown here is obtained with the parameters given in the upper right. The peak
power is estimated to be 730 W and the duration is 213 ns. This result is obtained
using laser configuration A.
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Figure 4.3: Pulse duration and peak power versus available pump power using
laser configuration C with pumps at 915 nm and 5.5 m active fiber.
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According to Eq. the peak power is increased by reducing the
pulse duration at a fixed pulse energy. The pulse duration is related to
the length of the cavity as is described by the simplified model in Eq.
(3.22)) and in Appendix @ Thus, a hypothesis can be put forward that
a shorter cavity length results in an increased peak power, which has
been found to be the case in the Q-switching regime [99].

To investigate this hypothesis, laser configuration C is used and the
active fiber length is reduced from 7 m to 0.5 m in steps of 0.5-1 m. The
duty cycle is fixed at 20% and the average output power at the signal
wavelength varies between 0.6-11 W due to a reduced pump absorption
at shorter active fiber length. The resulting peak power of the pulses is
shown in Fig. [4.4 for three pump power levels. It is seen that the peak
power increases with pump power level (as seen in Fig. , and that
for a fixed pump power level the peak power saturates as the active fiber
length is increased. This saturation is related to the fact that for lengths
longer than about 6 m, the pump absorption efficiency is >12 dB and
increasing the length will only increase the absorption marginally. In
[120] this saturation trend associated with active fiber length was shown
numerically but three measurements showed a significant discrepancy.
Here, the more comprehensive experiments for several pump power levels
confirm the saturation. The outlined hypothesis can by this ground not
be accepted.

The behavior seen in Fig. [£.4] gives a hint that the peak power is
closely related to the absorbed pump power, which has a dependence on
the active fiber length (Lyy) that goes as

Pabs = nabstump = (1 - exp{_o-zgadBLYb})Ppump (42)

in the unsaturated case and for ideal pump distribution in the pump
cladding. It is therefore proposed that peak power is linear with respect
to absorbed pump power;

Ppeak = éPabs = énabstump- (43)

In Fig. fits to the dependence of peak power on active fiber length
obtained from combining Egs. and are shown with dashed
lines. The slope to the linear dependence § is found to be 9.1 W/W
for all pump power levels. The good agreement here with peak power
dependence on absorbed pump power allows us state that the slope
B seems to be independent of the cavity length. To further test this
generalization, the peak power is plotted against the absorbed pump
power in Fig. for several active fiber lengths (0.5-7 m), pump powers
(25 W-105 W), pump wavelengths (915 nm and 976 nm), and active
fibers (configurations A and C). A clear linear dependence can be seen.
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Figure 4.4: Peak power versus total cavity length for the result with
915 nm pumping using configuration C. The dashed lines are fits given by
Poeak = 9.1 Ppump (1 — exp{—0.23acqg Lys}). The passive length (Lpas) of 1.1 m is
indicated by the vertical dashed line.

Given the span of tested pump power levels, pump wavelengths,
and cavity lengths, it is reasonable to believe that the slope is related
to inherent properties of GS of Yb-doped fiber lasers. This is further
supported by the fact that a slope of ~9.3 W/W can be extracted from
[120], where the cavity length is fixed at 2.12 m and pump wavelength
is fixed at 976 nm. This result tells that the most important design
parameter for the peak power is the absorbed pump power.

4.3 The pulse duration

In many applications the pulse duration is important and it is therefore
investigated here. First, the pulse duration is examined with respect
to increasing pump power in Fig. The pulse duration is inversely
proportional to the square root of the pump power as predicted by Eq.
(13-22). By comparing the measured pulse duration to the simulation
results in Fig. [34] it is seen that the same behavior is present.

To enable a thorough comparison of theory with experimental ob-
servations a wide range of pump power levels, pump wavelengths, and
doped fiber lengths are examined. In Fig. the resulting measured
pulse durations are shown for laser configuration C with 915 nm pump
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Figure 4.5: Peak power versus absorbed pump power for configuration C. The
linear fit shows a slope of 9.1 W/W. The result at 915 nm and 105 W is from config-
uration A.

diodes with a pump power level of 25-75 W and for 976 nm pump diodes
with a pump power level of 100 W. The cavity length is varied between
1.6 m and 8.1 m, which corresponds to 20%-95% absorption efficiency.
The duty cycle is fixed at 20%, corresponding to repetition rates from
60 kHz to 500 kHz. A single result for configuration A and one obtained
in [120] are also included. The pulse duration varies from 80 ns at the
highest pump level to 260 ns at the lowest.

The dotted lines in Fig. are found using Eq. from the
simplified model. The similarity between the model and the experimen-
tal results is striking. Considering the large parameter space spanned
(cavity length, pump wavelength, pump power, core diameter, and dop-
ing level), the validity of Eq. is confirmed. Such a thorough
comparison between theory and experiments have not been described
before [51,100]. The parameters, that determine the pulse duration, are
therefore given explicitly in Egs. (3.20) and ([3.22]).

In Fig. [4.6] a minimum of the pulse duration for a fixed pump power
level can be seen at small cavity lengths of 2-3 m in the experimental
data as well as in the analytical results. Note that the cavity length at
the minimum is independent of the pump power level. This minimum
can be explained by the presence of a certain length of passive fiber in
the cavity of Lpas = 1.1 m. It is expected that decreasing the passive
fiber length reduces the pulse duration. By doing a thorough analysis
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Figure 4.6: Pulse duration versus and total cavity length. Configuration C is used
and the pump power at 915 nm is varied from 25 W-75 W and the pump power at
976 nm is fixed at 100 W. The pulse duration found in configuration A is also shown,
by which only a single cavity length of 7 m is analyzed. The dotted lines are the
results predicted by Eq. (3.22) with oe = 2.5 x 107%*m?, nsi0,=1.45, and I'=0.93
(evaluated numerically). The black square adjacent to the bracket [Agrez] refer to
results in [120] where the is pump at 976 nm and a different fiber is used.

it can be realized that the minimum pulse duration occurs at a shorter
active fiber length, as the passive fiber length is reduced [52].

4.4 The repetition rate

At this point the discussed results have been obtained at a fixed duty
cycle of 20% and the reason for this choice will become clear in this
section. The influence of the repetition rate on the pulse characteristics
will now be analyzed in the complete kilohertz range. In some situations
it is of interest to increase the repetition rate to achieve the highest
possible average output power. This also ensures the most efficient use
of the available pump power. In other situations e.g. when the pulses
are to be amplified in a fiber amplifier, a low repetition rate is desirable
to obtain a high gain.

The GS properties of a fiber laser are characterized by a parameter
space defined by pump power, pulse repetition rate f, and duty cycle
D. In some situations it can be advantageous to state the repetition
rate and the duty cycle in terms of the on-time t,,, = D/f, the off-time
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tof = (1—D)/ f, or other combinations. Note that average output power
scales (linearly) with duty cycle.

4.4.1 High repetition rate dynamics

The GS properties of the fiber laser in configuration A at high repetition
rates (>50 kHz) will now be analyzed. The results obtained at the
maximum pump power of 105 W are shown in Fig. The pump
power is fixed at 105 W to give the highest possible peak power. By
increasing the duty cycle the average power is increased. Stable GS
operation is obtained by selecting the first spike as described in section
The resulting ton and tog are shown in the lower section of Fig.
This kind of analysis has also been carried out using configuration
C and similar trends are generally obtained. The shape of the curves
in Fig. will be described in the following and in the next section
theoretical estimates of the on-time and off-time are given.
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Figure 4.7: The GS power characteristics of the fiber laser with configuration A at
maximum pump power of 105 W. The peak power and pulse duration of pulses are
shown. The optimum regime regarding peak power is in-between the slow; tog — T2
and the fast; tog — 7. regimes. The off-time t.¢ and the pump pulse duration ton,
which is set equal to the build-up delay (7s = ton), are shown in the lower section.

At the lowest average output powers the pump pulses are separated
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by long off-times. The limiting situation of this is given by a completely
relaxed laser cavity pumped by a single pump pulse. Here the pump has
to excite ions to reach threshold before lasing occurs. This costs pump
energy, hence the peak power of the pulse is reduced. The characteristic
time for a completely relaxed cavity is given by the upper state lifetime
of the Yb ions 79, which is 800 us depending, among other things, on
the doping concentration [64]. By these arguments the region of reduced
peak power at lowest average powers can be explained by too long of an
off-time in which the system approaches the relaxed state; tog — 7o.

At the highest average output power the off-time is decreased to the
same value as the on-time or less. If the off-time approaches the cavity
decay time, the cavity still contains a large amount of photons at the
beginning of a new pump cycle. Therefore, the initial conditions for the
relaxation oscillations are different and it results in longer signal pulse
durations. The regime can be described by tog — 7., where the cavity
decay time 7. = 35 ns is given by Eq. The underlying mechanism
of this scenario can be visualized by looking at Fig. [3.10] where it is
clear that in order for the photon level to reach the spontaneous emission
level a certain off-time is needed, which in that case is about 1.5us.

For SC generation a high peak power is required to obtain a broad
bandwidth, and for a fixed peak power the highest average power is
desired to get the highest power spectral density in the SC spectrum.
Given the plateau of constant peak power observed in Fig. the
optimum point of operation is selected as the point marked by red in
Fig. [4.7 Here, GS of the fiber laser can yield a train of pulses with
more than 700 W peak power and a duration around of 200 ns when
operated at 105 W of pump power and a repetition rate of 210 kHz with
a duty-cycle of 45%, which corresponds to ton = 2.1 us and tog = 2.6 us.
The resulting average power is 29 W and the pulse energy is 150 pJ. The
generated pulse train has, to our knowledge, the highest pulse energy
and average power levels published using a diode-pumped gain-switched
fiber laser [108,/109}|118},/119].

It has been observed that for a variety of different laser cavities in
configuration C, the lower limit of the plateau is at duty cycles lower than
20% . This justifies the use of a duty cycle of 20% in the investigation
of the peak power and the pulse duration above.

4.4.2 On-time and off-time

In the lower section of Fig. the variation of on-time t,, and off-time
tog are shown for a given experiment. They can be used to determine at
which repetition rate efficient GS operation is achieved for a given pump
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power through f~' = ton + tog. It is desirable to be able to control the
repetition rate, and therefore the dependencies of on-time and off-time
will be examined.

The variation of the on-time as function of the pump power is shown
in Fig. [£.8] It is shown together with the pulse duration to emphasize
that they approximately have the same dependence. The on-time there-
fore also goes approximately as P&lln/lg. This dependence has also been
discussed in [1004120].
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Figure 4.8: On-time as function of pump power using laser configuration C with
pumps at 915 nm and 5.5 m active fiber.

The starting point for predicting the on-time is to consider that well
above lasing threshold the output pulse energy E is related to absorbed
pump pulse energy Eggfnp via the slope efficiency 7, hence

E= Ppeakto ~ nsEngnp = nstonpabs- (4'4)

The validity of this relation has been confirmed because the measured
pulse energies are in excellent agreement with the values obtained using
Eq. (4.4). By combining this relation with Eq. (4.3]) it then follows that

g
ton = :t(). 4.5
= (4.5
In Fig. the on-time is shown as function of the total cavity length.
The results are obtained simultaneously with the results shown in Fig.

The lines in the plot are calculated using Eq. (4.5 with either the
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measured pulse duration (dashed lines) or the pulse duration obtained
by Eq. (full lines). The agreement is fairly good with an error
falling below 10%. The difference between the evaluations of Eq.
using the measured or calculated pulse duration is less than 5%.
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Figure 4.9: On-time at optimum duty cycle. The dots are measured values, the
dashed lines are found by evaluating Eq. (4.5) using the measured pulse duration, and
the full lines are found by evaluating E using the pulse duration calculated
from Eq. . Configuration C is used and the pump power at 915 nm is varied
from 50 W-75 W. A single data point measured using configuration A is also shown,
and as only one cavity length is measured, Eq. is only evaluated using the
measured pulse duration at 7 m.

The shortest off-time for which the peak power remains at the high
level as function of cavity length for three pump power levels is shown
in Fig. It therefore represents the optimum repetition rate, and it
corresponds to the situation where the cavity is just emptied sufficiently.
In Fig. 4.10]it can be seen that the off-time is decreased from more than
3 pus at 8 m cavity length to about 1.1 us at 2 m cavity length at pump
power levels of 50 W and 75 W. This means that a higher repetition
rate is possible with the shortest cavities, which have the least pump
absorption efficiency. Improvement of the maximum repetition rate for
a short cavity compared to a long cavity is higher than 80% in the
presented measurements. The minimal off-times are slightly smaller at
a pump power level of 25 W so it is also dependent of the pump power
level. The reason for this is not clear.

The off-time is an expression of how long it takes for the photon level
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Figure 4.10: The minimum off-time, for which the peak power is maximized, is
shown in the upper section. In the lower section the off-time is normalized to the
cavity decay time. Configuration C with 915 nm pumps are used to obtain these
results.

to reach the spontaneous emission level, and it is therefore relevant to
normalize the off-time to the cavity decay time, which is given by Eq.
(D.4). In Fig. toff/Te is shown as function of cavity length and
pump power level. The variations that can be seen are probably due
to varying loss in the splices. For a pump level of 75 W the off-time is
between 75 to 125 times the cavity decay time and it decreases slightly
with the pump power level.

The cavity decay time can be reduced by decreasing the reflectivity
of the low reflector. This has been experimentally confirmed by using
a flat end-facet with 4% reflection as the low reflector. The resulting
maximum repetition rate is about 30% higher than for the grating with
15% reflection, which is in good agreement with the reduction in the
cavity decay time.

4.4.3 Low repetition rate dynamics

In this section GS at low repetition rates of a few kilohertz is described,
which corresponds to duty cycles less than 0.5%. In the discussion of
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the low duty cycle limit of the results in Fig. [.7] it is argued that
the delay between the pump pulses are approaching the lifetime of the
excited Yb ions (tog ~ 72). This causes a substantial amount of the
residual inversion to decay between the pump pulses as the population
decays as exp{—t/m2}. To put this into numbers, this means that at a
repetition rate of 1.8 kHz, roughly 50% of the residual ions have decayed
to a lower energy state between the pump pulses. This is contrary to
a high repetition rate of 50 kHz, where only less than 5% of the stored
residual energy is lost by this process. Therefore, the level of excited
ions is highly dependent on the repetition rate.

This has the effect that if the repetition rate is low then a low pop-
ulation inversion is present at the time of spike emission, which leads to
output pulses with low pulse energy, low peak power, and a long pulse
duration. This effect can be seen in Figs. |4.11fa) and (d), where the
repetition rate is decreased from 5 kHz to 1 kHz and from 8 kHz to
3 kHz, respectively. In Fig. [4.11a) the temporal traces of the pump
and the emitted spikes are shown for a fixed absorbed pump energy of
150 pJ. At the repetition rate of 5 kHz the output pulses have a dura-
tion of 66 ns, a peak power of 700 W, a pulse energy of 55.4 uJ, and
the optical-to-optical efficiency is 36%. In Fig. d) the absorbed
pump energy is reduced to 77 pJ, which results in an output pulse with
a duration of 130 ns, a peak power of 150 W, a pulse energy of 22.4 uJ,
and the optical-to-optical efficiency is 30% at 8 kHz. At a repetition
rate of 4 kHz the efficiency is half of this value due to the relaxation of
excited YD ions.

In Fig. |4.11)(a) the emitted pulse at the repetition rate of 1 kHz has a
low peak power, which means that the lasing threshold is just exceeded.
The threshold absorbed pump pulse energy Egbfnp,th is a function of the
repetition rate and it can be estimated by

u

Eabs — Pth
pump,th f(l _exp{—(ng)*l})’

where Py, is the threshold pump power in CW operation. In Fig. [4.11{d)
the absorbed pump pulse energy is 77 pJ and it can be estimated that
at 2 kHz the threshold is barely reached, which result in a threshold
pump power of ~70 mW. For example, if a repetition rate of 0.5 kHz is
desired the threshold pump pulse energy exceeds 150 puJ.

In Fig. 4.11[a) and (d) it can be seen that the pump power level is
fixed but the peak power level is increasing (with repetition rate). This
is contrary to the results in section where it is shown that the peak
power scales linear with pump power. The reason that this relationship

(4.6)
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Figure 4.11: Characterization of the output of the MO at increasing repetition
rate and absorbed pump energies. Temporal pulse shapes are shown in (a) and (d)
for 150 uJ and 77 pJ absorbed pump energies, respectively. The spectra are given in
(b) and (e). Calculated FWHM and 90%-confined-energy bandwidths are shown at
increasing repetition rate in (c) and (f). The laser configuration B is used.

fails is that at low repetition rates the laser is not operating well above
the threshold, which is a requirement for the linearity.

An experiment has been carried out to examine the power scalability
in the low repetition rate regime. The laser configuration D has been
used as shown in Fig. where the number of pump powers are
increased to seven. In Fig. the pump power level is increased
to 1500 W, which is realized by applying both forward and backward
pumping and increasing the pump diode current well above the specified
value. It can be seen that the peak power of the pulse exceeds 8.9 kW
and the pulse duration is as low as 41 ns at a repetition rate of 6 kHz.
Both these numbers are the current records for GS of Yb-doped fiber
lasers. In the right of Fig. [£.13] the repetition rate is varied and it can
be seen that approximately the same peak power can also be achieved
at 3.8 kHz. This experiment demonstrates that GS of Yb-doped fiber
lasers can be scaled efficiently. Here, the scaling was limited by the
pulsed diode drivers.

4.5 The spectral bandwidth

The spectral bandwidth of the output pulses are mainly of concern in
nonlinear applications due to e.g. narrow bandwidth phase-matching
conditions [174]. The spectral bandwidth of the output pulses is in
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Figure 4.12: Experimental setup used in configuration D for power scaling.
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Figure 4.13: Gaussian fit and temporal pulse profile recorded at 6 kHz and a pump
energy of 800uJ. To the right the peak power versus repetition rate is shown for two
pump pulse energies. The laser configuration D is used.
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general determined by the bandwidth of the low reflecting grating, which
in most cases is narrower than the high reflection grating.

It is known that the spectral bandwidth of fiber lasers are broadened
by self-phase modulation (SPM) even at a relative low power level of a
few Watts and that it in many cases achieves a Lorentzian-like spectral
shape [175,[176]. In Fig. the spectra of the outputs are shown
at increasing peak power using configuration C, i.e. it is in the high
repetition rate regime. It is clear that the pulses broaden with peak
power and the triangular shape on a logarithmic scale resembles the
typical Lorentzian spectrum, which indicates that SPM is responsible
for the broadening. The FWHM bandwidth increases from 0.26 nm at
a CW output power of 42 W to 0.6 nm at a peak power of 600 W.
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Figure 4.14: Normalized spectra at increasing peak power in the high repetition
rate regime. Laser configuration C is used with pumps at 915 nm.

The spectral bandwidth has also been examined in the low repetition
rate regime. The normalized spectra of the output pulses are shown in
Fig. 4.11{(b) for increasing repetition rate. At the lowest repetition rate
of 1 kHz the spectrum has a narrow Gaussian-like shape. The spectra at
higher repetition rates have, besides a narrow central peak, irregular and
broad structures that contain a significant amount of the pulse energy.

The commonly used full-width half-maximum is not a good measure
of the actual bandwidth of these spectra. Therefore the bandwidth that
contains 90% of the pulse energy (B90) is evaluated in addition to the
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FWHM. For a Gaussian spectral shape the B90 is 1.4 times the FWHM
and for a Lorentzian shape the B90 is a factor of five of the FWHM.
The ratio of the B90 and the FWHM can be seen as a measure of the
quality of the spectrum.

In Fig. [4.11](c) on page 65 the FWHM and B90 bandwidths are
shown for increasing repetition rate. At the lowest repetition rate of
1 kHz the spectrum has a narrow FWHM of 0.055 nm and a B90 of
0.14 nm. At the highest repetition rate of 5 kHz the FWHM increases
slightly to 0.1 nm while the B90 reaches 1 nm. The highly irregular shape
indicates that SPM cannot solely be responsible for this broadening. The
reason for the irregular shape is that the gain becomes so high that lasing
occurs at wavelengths, which are only slightly supported by the cavity.
These wavelengths are most likely governed by the spectral side-lopes of
the low reflector FBG. The reflection spectra of the low reflecfor FBG
is shown in Fig. The side-lopes specified by the manufacture to
be 12 dB below the peak of the reflection of 13.7%.
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Figure 4.15: Reflection spectra of the FBG used in configuration C.

In Fig. [.11f(e) and (f) the normalized spectra and the bandwidth
are shown for a reduced absorbed pump energy of 77 uJ. In contrast
to pumping with a pulse energy of 150 uJ, the spectra obtained with
77 pd of pulse energy remain well-behaved while increasing repetition
rate, which also results in a smaller B90 of maximum 0.25 nm at 8 kHz.

It has been observed the polarization extinction ratio tends to de-
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grade with reduction of the spectral quality. The polarization extinction
ratio is typically 14 dB using laser configuration C.

4.6 Discussion

In the previous sections important aspects of GS have been investigated
experimentally, and explicit expressions have been put forward regarding
the design parameters in GS. These will now be applied to discuss the
possibilities and limitations of GS of cladding-pumped Yb-doped fiber
lasers.

The peak power is shown to depend linearly on absorbed pump
power. The maximum achievable peak power for a given pump power
can thus be achieved by absorbing the pump sufficiently (>16 dB). It
further means that the cavity length has no influence as long as the
pump absorption is maintained.

It is interesting to note that a typical length of passive fiber in the
cavity thereby has a negligible influence on the peak power. This find-
ing has furthermore been checked by reducing the passive length from
1.1 m to 0.5 m, and the peak power emitted had been found to be un-
changed, which confirms this result. This conclusion only applies as long
as nonlinear effects and losses can be neglected.

Given these results, a typical diode pump module with a power of
25 W can produce a pulse with a peak power of more than 200 W and an
average output power of more than 10 W, when driven with a realistic
duty cycle of 50%. Some applications require a higher peak power, e.g.,
in the tens of kilowatts regime, and in this case the pump power needs
to be in the kilowatt range. This increases the complexity and the cost
of the laser significantly. A more cost-effective solution would be to
generate gain-switched pulses with a moderate pump power and then
amplify them in a large mode area fiber amplifier.

Cladding pumping is advantageous in regards to power scaling be-
cause the generated heat is distributed over a long fiber length. A long
cavity length, however, leads to a long duration of the pulses, and mini-
mizing the pulse duration turns out to be rather challenging. The pulse
duration scales as Pr;llng and the scaling possibilities are typically lim-
ited by the available pump power. Controlling the pulse duration via
the fiber laser design involves tuning the core area A, dopant density
Ny, and cladding area Agaq. In this regard the pulse duration scales as

2 x A(Lyb + Lpas)
0 1-— eXp{—N()O'aFALYb/Aclad} .

¢ (4.7)
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Increasing Ny, o, and decreasing Ag,q will increase the pump absorp-
tion and hence reduce the pulse duration. The influence of the core area
and the active fiber length is not trivial, and therefore in Fig. [£.16] the
pulse duration is calculated for fibers with core diameters between 5 pym
and 20 pm. It is seen that the smallest fiber core results in the shortest
pulse duration. However, if one wants a fixed high peak power obtained
at the same pump absorption efficiency, then the required active fiber
length increases rapidly when the core diameter decreases. This is illus-
trated in Fig. |4.16| with the dashed line, which corresponds to a pump
absorption efficiency of 10 dB and a peak power of 615 W. Unfortu-
nately, the combination of small core diameter and long fiber length can
be problematic due to nonlinear effects.
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Figure 4.16: Calculated pulse duration versus length of the active fiber for fiber
core diameters between 5 um and 20 ym. The ’x’s corresponds to 10 dB absorption
efficiency and the peak power will at these points be 615 W for all core diameters.
It is calculated by Eq. using a pump power of 75 W, No = 9 x 10%°m~3,
04(976 nm) = 2.5 x 107%*m*, T = 0.85, Acad = 0.257125%um?, and Lpas = 0.5m.

Gain-switched all-fiber lasers are commonly constructed with FBGs
that add a certain length of passive fiber to the cavity as is the case in
configuration B, C, and D. Thus, it is important to take into account
that the length of passive fiber in the cavity induces a minimum in the
pulse duration as function of active fiber length [52].

As an example of the advantage of having obtained the factors that
determine the pulse duration explicitly, a result in [109] will now be re-
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visited. In the paper a Tm-doped fiber laser with varying cavity length
was gain-switched, and it was found that the pulse duration was sub-
linear with the cavity length. It was suggested that a nonlinear pulse
narrowing could be responsible. However, by realizing that ty o< v/L
according to Eq. the observed behavior is well explained.

The product of the peak power and pulse duration gives the out-
put pulse energy E as argued in Eq. . As both constituents are
given explicit in Egs. and , the pulse energy can easily be
estimated. It can be seen that it scales as E o< /ALP,s. This is in
contrast to Q-switching, where it has been shown that the maximum
energy that can be extracted from a fiber is about 10 times the satura-
tion energy, Fgsqt = Ahw /T (0ew + 0aw) [10]. The significant difference is
that the pulse energy in GS has a dependence on the cavity length. The
upper limit of the pulse energy will be given by the nonlinearities and
the damage threshold of the fiber.

Given this results it can be estimated that a pulse energy of 2 mJ
can be extracted using a state of the art pump (~600 W) and 30 m large
mode area fiber (30 um core diameter). For such pulses the estimated
peak power exceeds 5 kW, the pulse duration is less than 350 ns, and
the average power is more than 250 W when the pump is driven with a
realistic duty cycle of 50%.

It is interesting that in Eq. the value of 3 and 7 show little
deviation for other Yb-doped fiber lasers, hence one can estimate that
ton ~ 1ltg. So when a small pulse duration is desired (for example
30 ns), the pump pulse duration should also be short (about 330 ns)
and the rise and fall times of the pump pulse should be even smaller
(<100 ns), which can be challenging.

In the analysis of the required off-time to empty the cavity suffi-
ciently, it is found that the off-time should be around 100 times the
cavity decay time under typical conditions. The obtainable repetition
rate can therefore be estimated from knowledge of this number and the
fact that the on-time is about 11 times the pulse duration.

4.7 Summary

Gain-switching is a cost-effective method for constructing pulsed fiber
lasers and is interesting for many applications. This study on cladding-
pumped gain-switched fiber lasers is motivated by the power scalability
and simplicity of such lasers.

During this project several configurations of gain-switched Yb-doped
cladding-pumped all-fiber lasers have been constructed. A range of dif-
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ferent active fibers, lengths of active fibers, fiber Bragg gratings, pump
powers, and pump wavelengths have been investigated. Based on these
experimental results and the results of the modeling work described in
the previous chapter, several conclusions have been drawn.

The peak power is shown to depend linearly on the absorbed pump
power and the slope of 9.1 W/W is independent of the active fiber length
in the cavity.

The pulse duration can be described by a derived theoretical ex-
pression based on a linear stability analysis of the homogeneous rate
equations of fiber lasers. The pulse duration has a square root depen-
dence on the cavity length and the core area, and an inverse square root
dependence on the absorbed pump power.

The bandwidth is found to broaden due to self-phase modulation,
and at high pump power levels the spectral quality can be degraded due
to lasing in side-lope wavelengths of the fiber Bragg grating.

The influence of the repetition rate has been examined in the com-
plete kilohertz range. From this discussion the requirements for efficient
GS of a fiber laser have been put forward;

e The pump pulse duration should be close to the build-up delay
time, which is approximately given by a constant factor times the
output pulse duration.

e The off-time should be much shorter than the lifetime of the ex-
cited ions (tog < T2), hence the repetition rate should be in the
tens of kilohertz range.

e The off-time should be much longer than the cavity decay time
(tof > 7c) and a factor of 100 is found to be the minimum under
typical conditions.

The presented results are at this moment the state-of-the-art within
gain-switched Yb-doped fiber lasers, and following records have been
claimed (independently): the highest peak power of 8.9 kW, the high-
est average power of 29 W, the shortest pulse duration of 41 ns, the
narrowest bandwidth below 0.1 nm, and highest pulse energy of 150 u.J.






CHAPTER 5

Quasi-continuous wave
supercontinuum generation

In this chapter the physical processes involved in supercontinuum (SC)
generation are briefly reviewed and a numerical simulation is used to
illustrate the typical broadening mechanisms. The dynamics, which
dominate quasi-CW pumped SC, are described and confirmed experi-
mentally. Three series of PCFs are pumped by pulses from a GS fiber
laser and the spectral properties are discussed. Optimized PCFs are
suggested based on the obtained results. Most of the presented results
are published in [78}/173,[177].

5.1 Supercontinuum generation

The remarkable process of SC generation in optical fibers is fairly well-
understood [12-14,(178]. As the mechanisms have been described in
much detail elsewhere e.g. in [14], only a very brief summary will be
given here. Instead SC generation will be visualized by a series of spec-
trograms in Figs. .3 and

The SC generation is, for picosecond or longer pulses, initiated by the
modulation instability (MI), which require that the pump wavelength is
close to the zero dispersion wavelength (ZDW) and within the anomalous
dispersion region. The MI creates a number of solitons in the anomalous
dispersion region. A large number of dispersive waves are formed in
the normal dispersion region below the pump wavelength. The solitons
redshift due to stimulated Raman scattering and can through four-wave
mixing trap the dispersive waves causing them to blueshift resulting in
group velocity matching (GVM) of the spectral edges [13,]178-183)].

75



76 Chapter 5. Quasi-continuous wave supercontinuum generation

Length: 3.125m

Wavelength [um]

0.9

-40 -20 0 20 -40-20 0 20
Power [dB]

N

-

Power [kW]

o

Time [ps]

Figure 5.1: Initial stages of SC generation at 3.1 m. The incoherence of the pump
results in varying pump power on the ~ 40 ps time scale. At 15 ps the characteristic
symmetric spectral side-bands of the MI process can be seen. The instantaneous
power was initially high around -35 ps and the broadening has advanced to a stage
where cascaded side-bands appear.
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Figure 5.2: Early soliton formation stage of SC generation at 5.6 m. At -25 ps

the MI Stokes band has evolved into discrete solitonic pulses between 1.25 pum and
1.45 pm.
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Figure 5.3: Formation of a soliton Raman continuum and trapping of dispersive
waves. The large number of solitons redshift by intra-pulse stimulated Raman scat-
tering and are delayed because of the reduced group velocity at longer wavelengths.
FEach soliton has trapped a package of dispersive waves at the short wavelengths. At
-15 ps two solitons overlap temporally and the instantaneous power exceeds 20 kW.
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Figure 5.4: Terminal stage of SC generation at 50 m. The largest solitons have
redshifted to the loss edge at 2.25-2.3 pum. The soliton energy drops whereby the
redshift is ceased, and the spectral edge is formed. Less energetic solitons at shorter
wavelengths continue to redshift.
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The spectrograms in Figs. and give insight into
the dynamics of SC generation. The principle behind these spectro-
grams is to analyze the frequency components in a narrow time (gate)
window. The spectrogram can be defined S(#',w) = |F[A(t) exp{—(t —
)2 /202}|w|?, where o; is the width of the gate window. The interpre-
tation of the processes are described in the figure text.

The numerical simulation shown here is obtained by the GNLSE
presented in section [2.5.2 The parameters used are as follows: the
average pump power is 500 W, the spectral bandwidth is 0.1 nm which
corresponds to a coherence time of ~40 ps, the number of numerical
steps is 2'7, the maximum local error is 10~3, the maximum step size is
125 pm, the time resolution is 2 fs, the time window is 270 ps, and losses
are included as shown in Fig. [5.6l The degree of chromatic dispersion
used has been calculated for a PCF with d/A = 0.48 and A = 3.4 pm,
hence the PCF corresponds closely to the tested fiber F10 (see Table
5.1]). Simulation time was about 38 hours. The spectrogram gate width
is o = 200 fs, and the color scale and the wavelength range have been
changed in each figure to enhance the details. The spectra shown to the
right have been averaged over a span of 4 nm.

5.1.1 Quasi-CW SC generation

It can be seen in the spectrograms that the SC generation dynamics oc-
cur on a time scale of femtoseconds to picoseconds. This is much shorter
than that of pulses generated by GS, which are hundreds of nanoseconds
in duration. The mechanisms involved in SC generation therefore ex-
perience the envelope of nanosecond pulses as a quasi-continuous wave
(quasi-CW). A more rigid argument is that if any components of the
SC are delayed due to chromatic dispersion by a significant amount
compared to the pump pulse duration, the SC cannot be considered

quasi-CW.

For a PCF with one ZDW, the generated spectral edges are the most
delayed relative to the pump (which is close to the ZDW). In a typical
PCF the temporal walk-off per unit fiber length between the pump and
the loss edge at 2300 nm is around 80 ps/m. In our case of fibers with a
length of 100 m, this smearing corresponds to at maximum 8 ns, which is
much shorter than the duration of the pump pulses at more than 200 ns.
Therefore, the SC process can be considered quasi-CW.
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5.1.2 Modeling of quasi-CW SC generation

SC generation has been modeled extensively in the literature using the
GNLSE in Eq. [13[14]). However, modeling of CW SC generation
has not be carried out routinely for two reasons |184-187]; the large com-
putational demand required and the difficulty in accurately representing
the incoherent CW field.

An accurate description of the input field is important because lon-
gitudinal mode beatings in CW pump lasers result in enhancement of
the instantaneous power (peak power) in a short time duration char-
acterized by the temporal coherence of the pump laser. The temporal
coherence is connected to the spectral bandwidth [185,186]. In [188] a
variety of input models were compared and a phase diffusion model with
one photon per mode noise showed in general the best agreement with
experimental results. This approach is therefore used in the simulation
shown in the spectrograms.

In a simulation the temporal window should be around 600 ns to
cover the entire pulse. With a temporal step size around 2 fs, this gives
228 — 3. 10% numerical points, which corresponds to 4 GB of data.
With the computers of today this is in principle possible; however, the
combination of long lengths of hundreds of meters of fiber and the high
number of time steps makes it extremely computationally heavy.

Alternatively, the input field can be split into 2'¢ — 218-point seg-
ments, which correspond to a width of 100-500 ps. This approach is used
in the simulation of the SC in the spectrograms, however the validity
can be questioned because the most redshifted solitons will pass more
than 20 times through the temporal domain due to periodic boundary
conditions. For this reason the numerical simulations are only used in
this project for visualization of the SC dynamics.

5.2 Review of CW and quasi-CW
supercontinuum generation

In typical continuous wave (CW) SC experiments, a PCF is pumped by
a high-power fiber laser, which has an average output power of 10 W
to 100 W. The drawback of such pump lasers are the reduced peak
power compared to pulsed pumping, which leads to less broadening and
the need for longer fiber lengths. Especially the generation of light at
shorter wavelengths than the pump wavelength is troublesome [48] 50,
50,/87,1143,/189-191]. The advantages of using a CW pump are that
the complexity of the system is reduced, a higher average power, and a
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higher power spectral density can be obtained.

In the following a brief review of high-power CW SC in PCFs will
be given. More thorough reviews covering the discovery of the nonlin-
ear effects, SC standard fibers, and pulsed SC in PCFs can be found
elsewhere [74,192/(193].

In state-of-the-art CW SC generation pump powers of 100 W is rou-
tinely used and even a 400 W fiber laser has been tested [48}[50}(190,
1911|]194]. Lengths of 20 m to 400 m of PCF with reduced OH-loss are
used. Designs based on Ge-doped cores and tapered fibers have recently
been investigated [50,190,194,195]. The improved performance of these
designs is due to an increased nonlinearity by Ge-doping and a shift
of the short and long wavelength edges depending on the design of the
tapering [178,180L|196/198].

In [48] a 400 W laser was used for pumping pure silica PCFs and a
spectrum spanning from 1060 nm to the loss edge of silica (>2200 nm)
was obtained. In another fiber with a ZDW only 20 nm shorter than the
pump wavelength, a spectrum spanning from 600 nm to 1900 nm was
obtained. In [50] a PCF with a Ge-doped core is pumped at a pump
power of 100 W and a resulting spectrum spanning from 550 nm to
~2100 nm was demonstrated. By tapering the spectrum was extended
down to 450 nm [50].

The influence of the spectral bandwidth of the pump laser was in-
vestigated in [185,(1864/199], and it was shown that an optimum degree
of coherence of the pump exists for which is the MI process is most
efficient.

The benefits of CW pumping compared to pulsed pumping are, as
mentioned, the higher average power, simplicity of the setup, and a
higher degree of flatness of the SC. The challenges are the long fiber
lengths, where the fiber loss can become significant, and the need for
high average pump powers to obtain sufficient broadening [48,/50].

At very high CW power levels (hundreds of Watts) destructive heat-
ing problems occur and pulsing of the pump laser is necessary to avoid
these [48,200]. In doing so the pump is not strictly CW. The pulse
peak power of the slowly modulated pump has been referred to as the
switched-on or equivalent power [48,200] but the term ‘quasi-CW power’
is found more descriptive and it will be used in the following.

Slow on/off-modulation of the pump laser is often applied to reduce
the thermal stress in the splices and at the end-facet of the nonlinear
PCF, due to the high average power [48,191]. This modulation is typ-

ically done in the 100 Hz range and SC results are considered purely
CW-pumped.
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In [191] the modulation of a CW fiber laser at a repetition rate of 7.8
kHz was reported to ’enhances the continuum beyond that expected from
the peak-power increase alone’, which could indicate that the authors
might have generated spikes.

Another approach was reported that did not rely on relaxation os-
cillations, but instead used a master oscillator power amplifier configu-
ration with an acousto-optical modulator after the seed CW laser. Here
short nanosecond pulses were generated with hundred Watt peak power
level [143], which are quite similar to the pulses produced by GS, how-
ever such a system is more complex and is not monolithic.

5.3 Fibers and the experimental method

A schematic of the setup used in the SC experiments is shown in Fig.
The laser configuration A is exclusively used in the SC generation
experiments. A maximum coupled quasi-CW power (peak power) of
between 500 W to 600 W is used depending on the splicing loss and pulse
setting, and the average power coupled to the PCFs in GS operation is
fixed to 21 W by varying the repetition rate — unless stated otherwise.
For comparison the fibers are also CW pumped by a coupled average
power of 21 W. The minimum pulse duration is 210 ns.

In the experiments a PCF with a length of 100 m is spliced to the
output fiber of the gain-switched fiber laser by use of an intermediate
fiber, which reduces the mode field diameter from 15 pym to 4 um to
match the nonlinear PCF. The total splice loss is between 0.7-1 dB. The
output of the fiber is launched into an integrating sphere or a power me-
ter. The visible and infrared spectra are measured with a 350-1750 nm
or a 1200-2400 nm optical spectrum analyzer, respectively. The spectral
resolution is 2 nm. The spectra are normalized to the output power and
the visible and infrared spectra are stitched at 1500 nm. The spectral
response function of the fiber between the integrating sphere and the
optical spectrum analyzer is taken into account.

ib @) Optical
spectrum '-JH
laser, _A_L @/ analyzer

Figure 5.5: Experimental setup consisting of the GS fiber laser that is spliced to
a PCF. The SC light is launched into an integrating sphere (IS) that is fiber-coupled
to an optical spectrum analyzer. The laser configuration A is exclusively used in the
SC generation experiments.

Diode pumps
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The properties of the used PCFs are summarized in Table The
relative hole size d/A and pitch A are measured by an optical microscope
with 100x magnification. The fiber group velocity dispersion (GVD) is
measured by a white light low-coherence interferometric method [29,
201]. The fully vectorial finite-element method described in section
is used to calculate the GVD and nonlinear parameter . There is
in general good agreement between the measured and calculated GVD
when taking the uncertainties of the optical measurement of the hole
size into account. The dispersion parameters 8 and (3 are defined by
Eq. .

The PCF's are fabricated at NK'T Photonics using the stack and draw
method. They are all single-mode at 1064 nm and have a low OH loss
at 1380 nm of <25 dB/km and a background loss of <5 dB/km between
800 nm and 1750 nm. The G-fiber series has a OH-loss of > 500dB/km
due to that the Ge-doped silica in the core was not purified sufficiently.
The typical attenuation of the fibers is shown in Fig. which increases
exponentially towards 2300 nm [77].

The fibers E34 and E89 are commercially available (at NKT Photon-
ics A/S) under the product names SC-5.0-1040 and SC-3.7-975, respec-
tively. Both PCFs have been optimized to short-pulse pumping with a
coupled peak power of around 10 kW.

The fibers in the F-series have been fabricated to have the ZDW
on either side of the pump wavelength of 1064 nm. Their calculated
dispersion profiles are shown in Fig. where it is seen that the major
difference is the ZDW and that only at the very long wavelengths the
slopes deviate.

The G-fiber-series is fabricated to enhance the nonlinearity by doping
of the core by a high density of Ge. This increases the confinement
and the intrinsic nonlinearity n,, which both contribute to an increased
nonlinear parameter v of about a factor of 4-5. The GVD is designed to
position the ZDW close to but below the pump wavelength of 1064 nm.

5.4 Quasi-CW supercontinuum experiments

In this section quasi-CW SC generation is investigated experimentally
by pumping a series of PCFs by a GS fiber laser. Special attention
is paid on the dynamics that are specific for quasi-CW SC generation.
The tested fibers are from the F-series and represent both anomalous
and normal GVD at the pump wavelength. By sweeping the dispersion,
valuable insight into the SC dynamics can be revealed. The influence of
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Fiber | d/A | A | ZDW v Bo B3 - 102

pm | nm | (Wkm)™! | ps?’km~! | ps3km~!
E34 | 0.52 | 3.25 | 1030 12.0 -4.22 7.40
E89 | 052 | 2.6 975 18.0 -12.1 8.26
F24 | 0.47 | 3.2 | 1040 11.3 -2.82 7.21
F10 | 047 | 3.4 | 1054 10.1 -1.12 7.02
F-6 | 047 | 3.6 | 1070 8.9 0.67 6.78
F-27 | 0.47 | 4.0 | 1091 7.5 2.87 6.51
G34 | 0.55 | 2.0 | 1030 o1 -6.18 10.3
G24 | 0.55 | 2.1 1040 48 -3.54 9.79
G9 055 | 2.2 | 1055 46 -1.70 9.80

Table 5.1: Characteristic PCF data.

100

The fiber name refers to the detuning of
the ZDW from the pump wavelength of 1064 nm. The measured relative hole size
d/A, pitch A, calculated nonlinear parameter « at the pump wavelength, ZDW, and
calculated dispersion parameters 2, and f3 at the pump are given. The core of the
G-fibers are highly doped with Ge (An = 2.01% or approximately 19%mol) and the
diameter of the Ge-rod is 0.74A. It has been assumed that n, = 2.6-1072° m®/W in
the pure silica fibers and n, = 3.38 - 1072° m? /W in the Ge-doped fibers.
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Figure 5.6: The calculated dispersion of the four fibers in the F-series with the
pump at 1064 nm indicated by a dotted vertical line. On the right axis the typical
fiber attenuation is shown.
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increasing the pump power and fiber length on the SC spectrum is also
discussed.

5.4.1 Spectral broadening in the quasi-CW regime

In Fig. the output spectra of fiber F24 pumped by coupled quasi-
CW powers of 21 W (CW), 200 W, and 500 W are shown. Here, the
pump wavelength is in the anomalous GVD regime, which allows MI to
split the pump into soliton-like pulses that Raman redshift [13,/14]. The
MI characteristic peaks are not visible due to the subsequent broadening
processes. It is observed that by increasing the pump power the infrared
edge is shifted to longer wavelengths. Thus, a higher pump power causes
a stronger redshift of the generated solitons.
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Figure 5.7: Output spectra of the fiber F24 pumped by pulses with quasi-CW
(peak) powers of 500 W, 200 W, and CW pumped with 21 W. The coupled average
power is 21 W for all spectra.

This is well-known and can be explained through the relations for
the soliton energy and the soliton self-frequency shift [12]. On average
the MI process generates a fundamental soliton for each MI period ¢,
and given the quasi-CW pump power Pgcw, the average soliton energy
can be approximated by [12}/185]

272|Ba| Pocw
Esor = Poewtymr = 2PTy = \/ |ﬁ2’|YQ7 (5.1)



5.4. Quasi-CW supercontinuum experiments 85

where Fp is the soliton peak power and Tj is the soliton duration. Using
this, the analytical expression for the rate of soliton self-frequency shift
in the long soliton duration limit becomes [12,87.{197,202]

dw(z) . _4‘52((,0)’TR - _TR’Y(("‘))th{fgsolwio}4 (5 2)
dz  157Tp(w)* 607|Ba(w)[3 '

where the shift of the soliton frequency w(z) is proportional to the Ra-
man gain slope Tr = 3 fs and is strongly dependent on the soliton
duration. It has been used that for a fundamental soliton the duration
is given by Ty = +/|B2|/7Po. The factor (w/wp)?* is included to take the
inelasticity of Raman scattering into account [203] and wy is the pump
angular frequency. Using Eqgs. and it is clear that by increas-
ing the quasi-CW pump power, the soliton energy is increased and it
will consequently redshift to a longer wavelength. The process is self-
limiting because all frequency-dependent terms reduce the redshifting
rate with lower frequency.

The experimental result, i.e. the infrared edge of the SC spectrum,
is now compared to the redshift of a single soliton generated by the
MI process. The redshift of a single soliton is estimated by numerical
integration of the ordinary differential equation in Eq. over the
fiber length of 100 m and by simulation of the generalized nonlinear
Schrodinger equation. Good agreement between the two results is found.
The experimental redshift is evaluated at the -10 dBm/nm level of the
steep infrared edge of the SC.

At the quasi-CW power of 21 W the single soliton redshift amounts to
4.3 THz, whereas the experimentally found redshift is 93 THz (525 nm).
At the increased quasi-CW power of 200 W the single soliton redshift is
21 THz whereas the experimentally found redshift is 134 THz (965 nm).
The MI period and soliton energy are shown for the fiber F24 in Table
5.2l The single soliton redshift is therefore close to an order of magnitude
less than the experimentally found result. The large discrepancy is an
indication of the fact that the picture of the red edge of the SC consisting
of independent, redshifting, fundamental solitons generated by MI is not
correct.

The spectral bandwidth of the laser is on the order of a nanome-
ter, which leads to stochastic temporal intensity fluctuations on the few
picosecond time scale |185]. These temporal fluctuations can result in
a local increase in the instantaneous pump power by up to an order of
magnitude [185]. Additional fluctuations are expected due to the fact
that the MI process is seeded by intrinsic noise, which leads to a mi-
nor variation in the MI period and hence the soliton energy. To get an
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Fiber | Pocw | tmr | Esol Ay, Ayexp
w fs pd | THz | THz
F24 21 484 | 10 -4.3 -93
F10 21 323 7 -3.7 -88
F24 200 157 | 31 -21 -134
F10 200 105 | 21 -15 -125
F24 500 99 50 -32 -148*
F10 500 66 33 -23 -146*

Table 5.2: MI period a7, soliton energy Fs.;, the analytical Avy, and experimental
redshift Aves, at increasing pump power Pow for fibers F24 and F10. *The redshift
is limited by the high infrared attenuation at 2300 nm shown in Fig.

idea of the influence of these noise fluctuations the worst-case scenario
is considered, in which they lead to an increase in the soliton energy by
a factor of two. Thus, by combining these two effects the soliton energy
can be increased by a factor of ~ 24/10 through Eq. |} The redshift
is now expected to be much larger as the soliton energy appears in the
fourth power in Eq. . By carrying out the numerical integration the
redshift in this case amounts to 40 THz (at 21 W pump), which is still
much weaker that the experimentally found result of 93 THz. In fact,
it turns out that in order for a single MI generated soliton to redshift
93 THz, an increase of the soliton energy of a factor of 30 is required
(300 pJ). Such a large value is needed due to the term v*|32|~3, which
decreases rapidly with decreasing frequency. It can therefore be con-
cluded that the experimentally obtained redshift cannot be explained
by independent MI generated, redshifting solitons, even if the partial
coherence of the pump and noise-seeded MI is taken into account.
Instead of treating the solitons as being independent, one has to
consider the inevitable interaction between the solitons. Temporally
overlapping solitons can interact and exchange energy through four-
wave mixing and Raman scattering in so-called inelastic soliton colli-
sions [39}[87,1204,205]. In noise-seeded MI-based SC generation these
collision events are stochastic and can generate high peak power soli-
tons that have been compared to freak or rogue waves [206-209]. Even
without the Raman term such large solitons can be generated by colli-
sions [210]. In high-power CW and quasi-CW pumped SC generation
the number of solitons is very large and a substantial number of soli-
ton collisions can occur. This is further facilitated by long interaction
lengths and large temporal walk-off due to chromatic dispersion. When
a large number of collisions have taken place some solitons have gained
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sufficient energy to redshift to significantly longer wavelengths than a
single MI generated soliton is able to. These collisions can therefore
explain the large experimentally observed redshift.

At the highest quasi-CW power of 500 W the infrared edge at 2230 nm
is steep due to the strongly increasing material loss. This behavior is
observed with a coupled quasi-CW power above 350 W (not shown).
No significant improvements in the bandwidth can be expected for a
given PCF design by increasing the power above this value due the can-
cellation of the soliton redshift and therefore also the blueshift of the
group-velocity matched visible edge. The current record pump power is
230 W of coupled CW power [48] and due to extensive heating, it is con-
sidered cumbersome to reach 350 W. Therefore, to obtain a loss-limited
SC the CW pump must be modulated.

The light generated below the pump wavelength consists of MI anti-
Stokes components (at 1028 nm) and soliton generated dispersive waves
[48]. Using the approach in [211] and by assuming a soliton peak power
Py of 0.5-1 kW, the pump can form dispersive waves at ~980-990 nm,
which fits well with the feature in the spectra of F24 in Fig. The
subsequent trapping interaction between dispersive waves and the red-
shifting solitons extends and flattens the visible part [182]. As a re-
sult of this interaction the visible and infrared edges are group-velocity
matched [183]. These processes are more efficient at the highest quasi-
CW power, which can be seen by the amount of visible light generated.

5.4.2 Cutback

The SC dynamics can also be revealed by examining the progress of the
broadening at various fiber lengths. In fig. a cutback of the F10 fiber
pumped by a launched quasi-CW power of 500 W is shown. It can be
seen that within the first few meters MI peaks are generated and soon
after redshifting solitons form the long wavelength edge of the spectrum.
The short wavelength edge is formed from dispersive waves trapped by,
and hence obtain GVM to, the redshifting solitons.

The MI peaks shift closer to the pump wavelength within the first
10 m. This can be explained by the characteristics of the injected
Gaussian-like pulses. These pulses have a broad power distribution and
the quasi-CW power in the SC processes is therefore given by this broad
distribution. The highest power components broaden first and have the
most separated MI peaks. The low power components develop MI peaks
later in the fiber that are closer to the pump. Another contributing effect
is depletion of the pump of the MI process.



88 Chapter 5. Quasi-continuous wave supercontinuum generation

The visible wavelengths are predominantly generated during the first
about 20 m. After more than 70 m the spectrum is almost fully devel-
oped and attenuation is the dominant process that define the spectral
edges.

These experimental observations are in good agreement with the
interpretation of the spectrograms in sections 5.1

Spectral power density, dBm/nm
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Figure 5.8: Experimental SC spectrum in F10 as function of fiber length where
the contour lines and the color represents the spectral power density. The fiber is
pumped by 500 W coupled quasi-CW power and 9 W average power. The spectra
are measured a different lengths. A smoothing algorithm has been applied.

5.4.3 Varying the Anomalous Dispersion

The GVD and ZDW is crucial for the MI process that initiates the
broadening. The position of the ZDW relative to the pump wavelength
has been studied using various pulsed pumps with peak powers above
2.5 kW [212214] and CW pumps with several tens of Watts of CW
power [195,200,215-217]. From these studies it is found that, the most
efficient use of the MI process is achieved when the GVD at the pump
wavelength is weak and anomalous.

The fibers F24 and F10 both have anomalous GVD at the pump
wavelength, and as seen in Table they have different values of 5o but
all other parameters are almost constant. This enables us to examine
the influence of B5 on the broadening at the high quasi-CW power levels.
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In Table the MI period, the soliton energy, the estimated redshift
Avy, = (w(0) — w(z))/2m (found by integration of Eq. (5.2)), and the
experimental redshift Aveg, (-10 dBm/nm edge) are shown for the fibers
at the quasi-CW power levels 21 W, 200 W, and 500 W. The fibers F-6
and F-27 are omitted due to a different initial SC process, as will be
discussed later.

It can easily be shown that the redshift rate scales with /3, L by
inserting Eq. into Eq. and ignoring the wavelength depen-
dencies. In CW SC generation results in the literature at a pump power
of 10 W this approach is used to explain that the lowest anomalous dis-
persion maximizes the soliton redshift |14,218]. Under this assumption
the fiber F10 would result in the most redshifted solitons, which is in
contrast to our results shown in Table The wavelength dependencies
can therefore not be neglected. The soliton redshift rate in the F10 fiber
is initially faster than in fiber F24, but due to similar S3(w) of the two
fibers after the initial redshifting, the soliton energy term in Eq.
dominates.

It can be seen in Table that in fiber F24 the soliton energy is
about 50% larger than in F10 due to a longer MI period. The spectrum
is therefore expected to have an infrared edge at longer wavelengths.
The difference in the estimate of the single soliton redshift between the
two fibers can be seen to be about 30%. However, at the pump power
of 200 W, e.g. the difference in the experimental redshifts is only 7%
(9 THz). It is noteworthy that even though the soliton energy is 50%
higher in fiber F24 than fiber F10 the bandwidth is only slightly larger.
This can be explained by the fact that in F10 the MI period is shorter,
which increases the number of generated solitons. This in turn increases
the likelihood of soliton collisions and enables the large redshift.

It has therefore been shown that in high power CW SC in a fully-
developed spectrum the largest redshift is not obtained with the lowest
value of the anomalous dispersion, but a slightly higher value can be
advantageous. However, these differences almost vanish due to the fact
that the soliton collisions dominate the SC broadening.

5.4.4 Normal Dispersion Pumping

The PCFs examined have ZDWs that are positioned on either side of
the pump wavelength, which means that the pump experiences either
normal or anomalous GVD. The influence of the ZDW is shown in Fig.
for the PCFs pumped with the quasi-CW power of 500 W. The broad
bandwidth and spectral shape are similar for all the fibers. However,
important differences can be extracted.
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Figure 5.9: Output power spectral density for a coupled quasi-CW peak power of
500 W. The coupled average power is 21 W and the average output power is around
13.5 W for all fibers. The inset shows the spectrum of F-6 with marked MI and
Raman (R) features.

The process of splitting the pump into solitons cannot (initially)
take place in fibers F-6 and F-27 in which the pump wavelength is in the
normal GVD regime. From the close-up of F-6 in the inset of Fig. [5.9]the
dynamics can be deduced. An intense peak (R1) is present at 1117 nm,
which corresponds to the Raman shift of the pump at 1064 nm [215/216].
The Raman threshold length is Leg = 16 Acr/grPin [12], which at 500 W
results in a length of ~5 m and this is much shorter than the fiber length
of 100 m. The pump light that is rapidly transferred to the Raman
wavelength now experiences anomalous GVD in both fibers. After this
additional conversion process the SC generation is equivalent to the one
in F24 and F10, which explains the striking similarity of the spectra.

The close-up in Fig. also shows some additional spectral features
that are not found in the other spectra. Besides the first Raman Stokes
peak at 1117 nm, a peak (R2) can be seen at 1180 nm, which corresponds
to the second Raman Stokes order. The MI process in the normal GVD
regime is in general characterized by widely separated Stokes and anti-
Stokes components [219]. An MI anti-Stokes peak at 913 nm and an
MI Stokes peak at 1280 nm have been identified by use of the calcu-
lated GVD profile. The formation of the MI anti-Stokes peak with high
spectral power is responsible for generation of the features at 955 nm



5.4. Quasi-CW supercontinuum experiments 91

and 985 nm, which can be attributed to Raman scattering of the MI
anti-Stokes peak at 913 nm.

5.4.5 The Bandwidth Variation

The SC bandwidth at the -10 dBm/nm level for the four fibers in the
F-series pumped with a quasi-CW power of 500 W is between 1645 nm
and 1710 nm as can be seen in Fig. This variation of the bandwidth
with the ZDW is small and can be quantified to a relative value of only
4%. There are two reasons for the similar bandwidth. Firstly, in the
fibers with normal dispersion at 1064 nm, the pump is effectively trans-
ferred into the anomalous dispersion region through Raman scattering.
Secondly, the infrared edge is limited by the silica loss and this limits
the visible edge through GVM. This means that the fiber core can be
increased to reduce damage effects caused by the high optical intensities
without sacrificing the SC bandwidth due to a longer ZDW and normal
GVD.

The fiber that gives the highest amount of visible light is F10, which
is due to the fact that the efficiency of the dispersive wave generation
decreases with increased spacing between the pump wavelength and the
ZDW [195,220,/221]). One could consider increasing the bandwidth by
designing the group velocity profile to shift the short wavelength edge.
This possibility will be discussed section However, it turns out
that this will inherently reduce the ZDW and in turn lower the effi-
ciency of the dispersive wave generation so only a negligible amount
of light is generated at the short wavelengths. Extensive research has
been conducted to solve this issue through cascading of two PCFs and
tapering [38-404|180}/194},222,[223].

The influence of the ZDW on the bandwidth for the examined quasi-
CW power range is shown in Fig. [5.10] At the power levels traditionally
used in CW-pumping of 20 W-200 W, a bandwidth reduction is seen for
the fibers with normal GVD at the pump wavelength. The relative band-
width variations are found to be 20% and 30%, respectively. The reason
for this is that the additional Raman scattering process occurring before
formation of solitons in the fibers is only efficient at the highest power.
Note that this variation is small compared to previous CW SC results
at a pump power of 3 W, where a variation above 500% was found [217].
For the fibers with anomalous dispersion at the pump wavelength (F24
and F10) the tendency is that fiber F24 has the broadest bandwidth,
which can be explained by the differences in GVM condition between
the two fibers.
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Figure 5.10: The dependence of the ZDW on the spectral bandwidth at the pump
power of 21 W, 200 W, and 500 W. The bandwidth at -10 dBm/nm is shown with
crosses for the four different ZDWs. The relative bandwidth variation is displayed to
the left and the gray area marks that the pump wavelength has normal GVD.

5.5 Scaling the average power

It is of technological interest in some situations to achieve as high as
possible average power of the SC. The analysis of the high repetition
rate regime of GS in section revealed that a wide range of peak
powers and average powers are available. It is possible to increase the
average power by increasing the repetition rate and whereby operate to
the right of the optimum region in Fig. The cost is obviously a
lower peak power but it can not be taken for granted that this is the
best point of operation for all applications.

In Fig. the F24 fiber is pumped by increasing average power,
whereby the peak power is determined by the linearly decreasing line to
the right of the optimum region in Fig. The actual coupled peak and
average powers are stated in Fig. It is seen that by decreasing the
peak power the width of the spectrum is reduced, however the spectral
power density nearest to the pump is considerably increased due to the
higher repetition rate. For example, going from a peak power of 500 W
and an average power of 21 W to a peak power of 250 W and an average
power of 34 W (black and red lines, respectively) narrows the spectral
edges by only 50-100 nm but in the range from 750 nm to 1800 nm the
spectral power density increases by up to 3 dB.

This experiment demonstrates the flexibility of the GS fiber laser as a
pump for quasi-CW SC generation. It is also argued that the application
of the SC light determines whether the highest possible peak power is
required or not.
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Figure 5.11: SC spectra with 85 m of the F24 fiber pumped by the fiber laser
in configuration A. The SC spectra are shown for different sets of quasi-CW powers
(Ppeak) and average powers (Payve). The CW pumped spectrum is also shown. The
output powers are 15 W, 26 W, 31 W, and 39 W, respectively, which corresponds to
optical-to-optical efficiencies above 70%.

5.5.1 Improvements of gain-switching

It is clear that a high quasi-CW power produced by GS of the pump laser
is advantageous in SC generation. In principle all fiber lasers designed
for CW operation can be gain-switched, and hence the SC generation
can be improved without any modifications of (the optical components
of) the fiber laser. It is therefore relevant to evaluate the improvement
of taking advantage of GS operation.

In Fig. the SC results obtained by pumping the E34 and E89
fibers in CW and GS operation are shown. The coupled peak power is
about 600 W and the coupled average power is 25 W. For comparison a
coupled average power of 25 W is also used for CW pumping.

In GS operation the spectrum of E34 spans from 500 nm to 2250 nm
at the -10 dBm/nm level, and the total output power is 12 W. The
infrared part is particular flat and has a flatness of 6 dB over a band-
width of more than 1000 nm with a power density above 5 dBm/nm
(3 mW/nm). The maximum power spectral density (when ignoring the
pump) is 11 dBm/nm (12 mW /nm) at 1250 nm and the bandwidth at a
power spectral density above 0 dBm/nm (1 mW/nm) is 1500 nm. The
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Figure 5.12: SC generation in the E34 and E89 fibers pumped in CW operation
and in GS operation with 600 W of coupled peak power. The coupled average power
in both modes is 25 W. The output powers of E34 are 17 W and 12 W for CW and
gain-switched pumping, respectively. For E89 the output powers are around 15 W
and 8.5 W for CW and gain-switched pumping, respectively.

infrared edge of the spectrum is determined by the loss edge of silica.
The short wavelength side of the pump has a flatness of 6 dB over a
bandwidth of 365 nm.

In CW operation the spectrum of E34 is spanning from 950 nm
to 1650 nm (-10 dBm/nm level) with an output power of 17 W. The
components of the spectrum above 5 dBm/nm spans only 400 nm. When
operating in CW the average output power is higher because no light is
generated at the infrared-loss edge.

The E89 fiber has a ZDW of 975 nm, which means that the effi-
ciency of the dispersive wave generation is low. This can be seen in Fig.
where the short wavelength light barely exceeds the noise floor of
the measurement. On the other hand the long wavelength side of the
spectrum is developed to a comparable extent as the SC generated in
E34. Under CW operation conversion is more efficient in E89 due to
the higher nonlinear parameter of the fiber. The average output power
is however lower in E89 than in E34 because less residual pump light is
present at the output. It can be concluded that using the E89 fiber only
the long wavelength side of the spectrum can be generated. Therefore,
at the used quasi-CW power level this type of fiber is only useful if long
wavelengths are desired.
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5.6 Optimizing the photonic crystal fiber

In the preceding sections the SC dynamics, the influence of the quasi-CW
power, and the dependencies of the GVD have been investigated. For
optimum conversion efficiency and spectral broadening the GVD should
be weak and anomalous, and the quasi-CW power should be as high as
possible. At the highest examined power level the long wavelength limit
is determined by the infrared loss edge of silica. The visible edge on
the other hand is determined by the group velocity profile of the PCF
used. It is therefore interesting to try to optimize the short wavelength
spectral extent by studying a range of PCF designs.

The nonlinear parameter of the PCF is linked to the effective core
area. However, optimizing the nonlinear parameter is ambiguous. On
one hand, high confinement and thereby nonlinear parameter is desired
to obtain the highest amount of broadening and enable the use of short
fiber lengths. Conversely, damages occur in the fiber core in long term
operation [46], which motivates the use of a large core area to reduce
the optical intensity and therefore the nonlinear parameter.

Additionally, it is desired to use a PCF that is single-mode (at least
at the pump wavelength) to have the highest possible beam quality. This
is strictly obtained with a relative hole size of d/A < 0.45 [55}59,224].

In order to carry out optimization, the complete parameter space of
pure-silica hexagonal-cladding PCFs has been calculated using a full-
vectorial solver, which has been described in section 2.4 The results are
compiled in Fig. The short wavelength edge is defined through
the GVM to either the infrared loss edge, which is assumed to be at
2250 nm, or if present to a second ZDW located at a long wavelength.
The GVM results are shown as a color plot with contour lines for each
50 nm. The nonlinear parameter v is shown with solid red lines. Finally,
for each relative hole size (d/A) it is possible to vary the pitch (A) to
obtain a ZDW at the pump wavelength of 1064 nm. This relationship
is displayed as the black dashed line. Below this line the GVD is in the
anomalous regime.

The desired weak and anomalous dispersion is slightly below the
dashed line, and therefore the optimum pitch is located at this line as
the relative hole size is increased. It is then seen that « only changes
slightly with d/A, and for d/A > 0.45 it is almost constant at a value of
9 (kW m)~!. The short wavelength edge, defined by the GVM, shifts
towards shorter wavelengths with increased relative hole size; though,
for relative hole sizes larger than 0.52 the short wavelength edge stays
fixed at 520 nm.

Hence, under the constraint that the ZDW must be close to 1064 nm



96 Chapter 5. Quasi-continuous wave supercontinuum generation

) - 600
| & GVM [nm]
| @ GVM lines [nm]
@y [kwm)"]
--------- ZDW=1064 nm 550
1500
E
= 3.
<
450
400
350

0.6

d/A

Figure 5.13: Optimization of pure silica PCFs. See the text for explanation.

the optimal relative hole size is about 0.5. Higher value of the relative
hole size will not improve the magnitude of the nonlinear parameter nor
the position of the short wavelength edge, but the fiber will tend to be
multimode. A lower relative hole size means a slightly lower nonlinear
parameter and a shift of the short wavelength edge towards the pump
and in turns reduced SC bandwidth. Therefore, the investigated F10
fiber is close to being optimal and only minor improvements can be
expected.

Besides optimizing the dispersion and nonlinear properties of pure
silica PCF's another option is to dope the core material to improve the
performance. This is the topic of the next section.

5.6.1 Increasing the nonlinearity

Silica fibers are commonly doped with materials such as Ge, F, B, Al,
or rare earth elements. The advantages of doping the core of the PCF
with Ge is to increase the confinement, the intrinsic nonlinearity, and
the Raman fraction of the nonlinearity. The maximum doping density
is limited by stresses in the glass and the difference in glass-transition
temperature with respect to undoped silica, which can make fabrication
challenging.
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A series of PCFs with Ge-doped cores have been fabricated with the
highest doping level available of 19%mol. The nonlinear parameter is
thereby enhanced by a factor of 4-5 compared to undoped PCFs with
similar GVD. The ZDW has been designed to be close to but shorter
than the pump wavelength. The PCF's constitute the G-series and their
properties are listed in Table

In Fig. SC spectra of the three Ge-doped PCFs in the G-series
pumped by a gain-switched fiber laser are shown. In general the same
spectral form and features are present as for pure silica PCFs. The
buildup of solitons at the long wavelength edge is more apparent, which
can be explained by the higher nonlinearity and an increased Raman
cross section. A kink is present at 1380 nm due to the high OH-loss in
the fibers, which causes the solitons to stop redshifting.
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Figure 5.14: SC spectrum generated with 25 m of Ge-doped PCFs with decreasing
ZDW pumped by a gain-switched fiber laser with 500 W coupled quasi-CW power.
The coupled average power is 9 W. The fiber F10 is included for comparison.

It is worth noting that only 25 m of fiber length is necessary to fully
develop the SC spectrum compared to 70-100 m in the pure silica PCF.
Furthermore, a higher fraction of the total generated light is below the
pump wavelength. This observation is quantified in Fig. where
the integrated spectral power density below 800 nm (P<800 nm) and
the integrated spectral power density above 1250 nm (P>1250 nm) are
shown as function of ZDW. The fibers used to obtain this data are
pumped with 500 W peak power and 21 W average power.
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The fractional power 7 is defined as the power in the integrated
intervals divided by the total average output power. It can be seen that
in Ge-doped fibers twice as much visible light is generated compared to
that obtained from silica PCFs. The visible fraction is almost 4% for
the G fiber (with ZDW of 1055 nm). In fact, the visible fraction of G9
is 240% higher than the visible fraction of F10 fiber, which basically has
the same ZDW. The fraction of light beyond 1250 nm is slightly lower
for the Ge-doped fibers due to higher fiber loss.
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Figure 5.15: Integrated power of visible (P<800 nm) and infrared (P>1250 nm)
light, and the fraction 7 of the integrated power of the total output power for the
Ge-doped and pure PCF's with increasing ZDW. The fibers are pumped with 500 W
peak power and 21 W average power with laser configuration A.

5.7 Summary

The physical processes involved in supercontinuum (SC) generation have
been briefly reviewed. A numerical simulation is used to illustrate the
typical broadening mechanisms in SC generation. It is concluded that
numerical simulations of quasi-continuous wave (quasi-CW) SC is com-
putationally heavy but is an excellent tool for visualization of the SC
dynamics occurring in photonic crystal fiber (PCF).

Three series of PCFs are pumped with pulses from a GS fiber laser
and the spectral properties of the resulting optical output are discussed.
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An unprecedented coupled quasi-CW pump (peak) power of 500 W—
600 W is used.

The dynamics that dominate quasi-CW pumped SC are found ex-
perimentally. The processes of modulation instability, soliton redshift,
and trapping of dispersive waves by solitons are identified. The soliton
collisions are found to be of utmost importance to explain the large ob-
served bandwidths. It is shown that a weak and anomalous dispersion
at the pump wavelength results in the flattest spectra.

At the highest quasi-CW pump power level the SC bandwidth varia-
tion is found to be less than 4%, hence the spectral bandwidth becomes
quasi-independent of the zero dispersion wavelength in the examined
range of 1030-1090 nm. This quasi-independence is due to the fact that
the spectral bandwidth is limited by the high attenuation in silica at
long wavelengths.

SC generation in commercial PCFs pumped by a fiber laser operating
in the gain-switching regime and in CW mode is compared. The spec-
trum generated by the gain-switched pulse train spanned from 500 nm
to 2250 nm, with a total output power of 12 W, and high infrared power
spectral density above 5 dBm/nm (3.1 mW /nm) over a bandwidth of
more than 1000 nm with 6 dB flatness. This spectrum is considerably
broader than that obtained when CW-pumping the same fiber. When
the separation of the pump wavelength from the zero dispersion wave-
length is increased, only a negligible amount of visible light is generated.

Optimized PCFs for gain-switched fiber laser pumping are investi-
gated. Using modeling of the transverse mode properties it is shown that
the short wavelength edge and the nonlinear parameter cannot be opti-
mized further for pure silica PCFs with a hexagonal cladding structure.
A series of Ge-doped fibers are fabricated with a nonlinear parameter
4-5 times higher than pure silica PCFs. These doped fibers had a 240%
higher efficiency of visible light generation than pure silica fibers with
similar zero dispersion wavelength.






CHAPTER 6

Conclusion and outlook

In this thesis the feasibility of applying gain-switched all-fiber lasers
to supercontinuum (SC) generation was investigated. The work was
motivated by the simplicity of the architecture and the ability to scale
the optical output power of such fiber lasers. By reducing the complexity
and the cost of SC laser sources, applications within new areas can be
enabled.

The physics of fiber lasers were reviewed to understand the mecha-
nisms involved in gain-switching. A detailed numerical model was pro-
vided to visualize the different stages of pulse generation. The important
coupling of spontaneous emission into the laser mode in the initial stage
was described. The influence of the radial dependence, of the amplified
spontaneous emission, and of varying input parameters on the output
pulse peak power was examined. The agreement between the results of
the model and the experiment was not adequate and a fitting parameter
was needed. A simplified point model was also developed to derive an
analytic expression for the relaxation oscillation period.

Extensive experiments with gain-switching of fiber lasers with a va-
riety of different configurations such as active fiber type, fiber length,
pump power, and pump wavelength were carried out. The dependencies
of output peak power, pulse duration, spectral bandwidth, and scaling
with repetition rate were thoroughly described. General guidelines were
derived to enable designing of gain-switched fiber lasers with tailored
properties. This implied that the peak power was found to vary linearly
with absorbed pump power, and the pulse duration was found to be
accurately described via the relaxation oscillation period derived by the
simplified point model of fiber lasers.

The linear and nonlinear processes of SC generation were reviewed
with focus on the quasi-continuous wave pumping regime. The dynam-
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ics of SC generation were confirmed experimentally and the importance
of the soliton collisions for the observed broadening was highlighted.
Requirements for efficient and flat SC generation at the high quasi-
continuous wave power levels were analyzed. A gain-switched fiber laser
was shown to be a versatile pump for SC generation. Finally, an opti-
mization of photonic crystal fibers for gain-switched fiber laser-pumped
SC generation was presented.

6.1 Outlook

SC laser sources have numerous applications in areas, such as spec-
troscopy and microscopy due to the unique combination of extremely
broad spectral bandwidths, high spectral power densities, and high spa-
tial coherence. Interest is on reducing the complexity of the SC source to
reduce the cost, improve reliability, and to improve the spectral power
density in selected wavelength bands and thereby enable applications
within new areas.

Using a gain-switched fiber laser, supercontinua were generated,
which had higher average output powers and spectral power densities
than commercially available short-pulsed SC laser sources. This can be
seen in Fig. Here, the spectral power density of the output of two
optimized fibers are compared to the output of a high-power picosecond
SC laser source. However, the spectral power density at visible wave-
lengths below 800 nm was lower for fibers pumped by a gain-switched
fiber laser. An optimized Ge-doped fiber had higher spectral power den-
sity at shorter wavelengths than a pure silica fiber. Unfortunately, the
relatively low peak power of pulses generated by gain-switching was not
sufficient to excite much visible light.

The optical construction of a SC laser source based on a gain-switched
fiber laser is considerably simpler than typical high-power picosecond
pumped SC laser sources. This suggests that a SC laser source based on
a gain-switched fiber laser can have a reduced price point and thereby
open applications within new areas.

The work done in this PhD project has therefore shown that gain-
switched all-fiber lasers are viable and cost-effective pump lasers for
high-power invisible SC generation in photonic crystal fibers.

Gain-switched fiber laser can also be applied to applications other
than SC sources, for instance in material processing where high pulse
energies and average power levels are desirable. The design guidelines
that are derived in this project are a valuable tool in the design process
of gain-switched fiber lasers for such applications [120].
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Figure 6.1: Output SC spectra of two optimized photonic crystal fibers (F10 and
G9) pumped by the gain-switched fiber laser developed in the project. They are
compared to the output spectra of a commercially available high-power picosecond
SC laser source (SuperK EXR-15, NKT Photonics).

6.2 Future perspectives

The goals of this thesis have been accomplished but greater understand-
ing can be obtained by putting more work in the same directions.

Three aspects of the modeling of gain-switching are highly relevant to
examine further; What causes the discrepancies between the simulations
and the experiments, how to thoroughly derive the relation ty = 7r/ w2,
and what contributes to the experimentally determined constant j3.

It would be interesting to thoroughly investigate the influence of the
reflectivity, center wavelength, and bandwidth of the low reflector fiber
Bragg grating of the laser cavity on the peak power of the generated
pulses. Based on the detailed numerical model, modest improvements
were found in section [3.5.1] but an experimental verification of these
tendencies is needed.

Alternatively, it would be interesting to combine passive Q-switching
and gain-switching by including a section of a saturable absorber fiber
in the cavity. This reduces the spontaneous emission level, which causes
the pulse generation to be delayed, whereby the peak power is potentially
increased.

Cascading of gain-switched fiber lasers has been used in Tm-doped



104 Chapter 6. Conclusion and outlook

and Ho-doped fiber lasers [131]. However, it would be interesting to
use a cladding-pumped gain-switched Yb-doped fiber laser at e.g. a
wavelength of 1040 nm to core-pump a gain-switched Yb-doped fiber
laser at a wavelength of 1064 nm. Theoretically, this would results in an
increased peak power by almost an order of a magnitude. Alternatively,
a gain-switched Yb-doped fiber laser can be used as a powerful pump
for a core-pumped gain-switched Tm-doped fiber laser.

Regarding SC generation, it would be interesting to scale the qausi-
CW power level to well above 1 kW by using a fiber amplifier to generate
more visible light. The influence of the bandwidth of the pump laser on
the SC spectrum has been examined at a low CW pump power [185],
but it is not known if the same relations apply in the high-power regime
and for a fully developed SC. In this project only an unpolarized pump
laser was used, but the SC generation can possibly be improved by
using a linearly polarized gain-switched fiber laser and a polarization
maintaining nonlinear fiber.



APPENDIX A

Abbreviations

ASE — Amplified spontaneous emission

BPP — Beam parameter product

B90 — Bandwidth that contains 90% of the pulse energy
CW — Continuous wave

FBG — Fiber Bragg grating

FWHM - Full-width half-maximum

GNLSE — Generalized nonlinear Schrodinger equation
GVD — Group velocity dispersion

GVM — Group velocity matching

GS — Gain-switching

HR — High reflector

LR — Low reflector

MI — Modulation instability

NA — Numerical aperture

PCF — Photonic crystal fiber

SC — Supercontinuum

SPM — Self-phase modulation

Yb — Ytterbium (Rare-earth element)

V — V-parameter or normalized frequency

ZDW — Zero dispersion wavelength
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APPENDIX B

Current fiber laser technology

In this appendix the concepts and technologies behind fiber lasers will
be described with the aim of introducing a non-expert reader to the
terminology and various practical aspects. It is therefore intended as
a compact reference work. The reader is directed to Refs. [10,/11,63]
to obtain a more formal introduction to fiber lasers and amplifiers with
focus on the history and future power scaling.

The components of a fiber laser are illustrated in Fig. Many
different types of fiber lasers exist, but they all contain similar elements
as found in the illustration. The purpose, the properties, and available

Diode laser

Power Diode laser

C
supply -\C Diode laser

Figure B.1: The components of fiber lasers considered in this thesis. The 'X’s
mark fusion splices. HR-FBG and LR-FBG are the high and low reflector fiber
Bragg grating, respectively.

technologies for each element will now be listed:

The power supply delivers a controlled current to the diode pump
lasers, and is often also called a diode driver. Their properties,
such as capacity, efficiency, and noise are selected depending on the
application of the laser. When a fiber laser is set for GS operation,
a power supply with a high modulation frequency and relatively
high current capacity is required. Commercially available power
supplies can deliver 60 A with a rise time of 90 ns. To obtain this
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fast value a good impedance matching of the electronics in the
power supply, the wires, and the diodes is required to minimize
ringing effects.

Diode lasers act as the optical pump of the laser gain medium and has
replaced older pumping technologies such as flash lamps; due to
reliability, efficiency, and high brightness (or radiance defined as
the power per area per solid angle). The diodes are fabricated
by InGaAs semiconductor technology and are basically electri-
cally pumped quantum wells formed in a cavity [225]. The max-
imum constant driving current can be up to 15 A (for a single
emitter) and the electrical-to-optical efficiency for fiber-coupled
pump diodes is typically higher than 60%. The spectral band-
width is typically a few nanometers (FWHM) and the central
wavelength can be varied from ~800 nm—980 nm, where the most
common wavelengths used for pumping fiber lasers and amplifiers
are 915 nm and 976 nm determined by maxima of the absorption
cross section of Yb-doped silica. The central wavelength shifts
~0.33 nm/°C with heat sink temperature and ~1.3 nm/A with the
drawn current. This means that if the tolerances of the absorption
band are tight, as in the case of 976 nm in Yb-doped silica, then
the diode must be temperature controlled. Two types exist: single-
mode diodes and highly multi-mode diodes. The output from the
single mode diodes can be coupled directly into single-mode fiber,
and their fiber coupled output power is limited to < 1 W by the
intensity damage threshold of the diode facet. Multi-mode diodes
can, on the other hand, deliver more than 10 W [226] into a highly
multi-mode double clad fiber with core of 105 ym and a NA of
between 0.12 or 0.22 (see section 2.1)). In a single module/pack-
age the output from several diode lasers can also be combined
(spatially and by polarization multiplexing) into the same fiber
and thereby increasing the output power and brightness. Today’s
state-of-art modules are capable of delivering 140 W in a single
multi-mode fiber [227]. The diode laser technology is very mature
and expected lifetime at maximum operation conditions is more
than 20 years. A single diode can for a time of <700 ns be driven
by up to 50 A [226] resulting in 35 W of output power, but the
lifetime is reduced considerably.

A combiner is a component that enables combining the output of sev-
eral fiber coupled diode lasers into a single fiber. A combiner can
be avoided if a single diode pump module is sufficient for the ap-
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plication. Different concepts can be applied to their construction
but the common aspect is that they are fabricated by processing of
silica fibers, such as fusing of fiber bundles and tapering to reduce
the fiber diameter [228]. A typical realization is constructed using
7 fibers with an outer diameter of 125 ym and NA of 0.15, fused
together and tapered to an outer diameter 125 ym. The principle
of brightness conservation [228] dictates that beam divergence in-
creases as the area is reduced (analogue to the transform limit in
time and frequency). The taper ratio typically introduces a shift
in brightness of a factor of three, hence the NA at the output will
be three times higher; ~0.45. One of the input fibers can contain a
single core in the double-clad configuration to enable feed through
of e.g. a seed signal. The pump and signal loss in a combiner is
usually <0.5dB equivalent to <10%.

Reflectors are required to form the laser cavity. Their free-space ana-
logues are a high reflectivity mirror (HR) and a lower reflectivity
mirror (LR) or output coupler at the output end. They are charac-
terized by the reflectivity, the center wavelength, the bandwidth,
and the imperfections such as side-lobe suppression. In fiber lasers
so-called fiber Bragg gratings (FBGs) are mostly used due the sta-
bility and the all-fiber format. They are made by exposing a fiber
with UV light with a regular longitudinal pattern e.g. made by a
phase mask. This results in periodic formations of defects, which
causes longitudinal modulation of the refractive index in the core
that functions as a mirror for certain wavelength ranges. For fiber
lasers the HR reflectivity is usually close to 100% and the LR re-
flectivity can be between 5-50%. Alternatively, the LR can be
replaced with a cleaved fiber facet with as small angle as possible,
whereby the silica-air interface will cause a ~4% reflection.

The active fiber is the key component and is described in much more
detail in section[2.1] which covers the fiber geometry, and in section
where the properties rare earth doped silica are described. The
common pumping schemes are described in Appendix [B:2}

Splices are made by heating two flat cleaved fiber facets until they
soften at ~ 2000°C and pressing them together in a controlled
manner. In this way a mechanically strong and stable coupling is
made, which can handle high temperature fluctuations and high
optical powers. The loss can be made low by careful alignment
of the fiber cores visually or by optimizing the transmitted power
during splicing. A mismatch in the core diameter, misalignment of
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the cores, or facet cleave angles larger than a few degrees generally
result in an increased loss at the splice. In the fusing process
the silica reaches such high temperature that diffusion of the core
or cladding dopant becomes important. This can be used as an
advantage e.g. when splicing a highly doped fiber with a small
core to a less doped fiber with a larger core, because the core size
mismatch is minimized by differential diffusion. When splicing
PCFs, the temperature needs to be reduced to avoid collapse of the
air holes due to surface tension. Low loss splicing is still possible,
but a higher degree of control of the splicing temperature is needed.
This can be done using a resistive filament made from Wolfram or
graphite. More traditional heating methods are achieved via an
RF-arc discharge or a COs laser. Splices can be protected in a
variety of methods, the most typical being casting the bare fiber
in a polymer.

In addition to the component described above, common fiber coupled
components are: isolators (light rectifier), power monitors, intensity or
phase modulators, filters, and splitters. These components are mostly
used in the low power <1 W regime, whereas the thoroughly described
components are commercially available with power handling capacity of
>1 kW.

B.1 Fiber laser output properties

The properties of output from fiber lasers are in some cases different
from that of other lasers. Therefore, the properties, methods by which
to measure them, and aspects relevant for gain-switching are listed in
the following:

Output power is measured in Watts with a calibrated thermal or
semiconductor-type power sensor. For fiber lasers the power typi-
cally scales linearly with diode pump current. Calibration of power
meters is required but a variation in the measured power in the
range of +5% is usually found. The measured power can depend
on the wavelength of the light depending on the type of sensor
used, but most meters are programmed to take this effect into ac-
count. Power scaling of fiber lasers has been quite aggressive in
the last decade, and fiber lasers with >2 kW single-mode output
and 50 kW multi-mode output are currently commercially avail-
able [229].
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Temporal dynamics generally refer to either pulsed or CW modes of
operation of a fiber laser. Short pulses (<10 ps) can be measured
by an autocorrelator or a similar technique, whereas longer pulses
can be measured directly via a fast photodiode (up to 1 GHz) and
oscilloscope. If a CW laser has more than two longitudinal modes
without a phase relation between them, the output will vary in
time as mode beating occur and overall output power on very short
time scales will behave chaotic. The term ’continuous wave’ should
therefore be understood to describe a laser that is not intentionally
pulsed and has an output power that is rather stable on a time
scale of milliseconds. The fiber lasers in the project all have lengths
of a few meters and bandwidths of ~1 nm, hence 10* longitudinal
modes' are excited. The characteristic time of the beatings is
called the coherence time, which is inversely proportional to the
bandwidth [185,[186]. For a bandwidth of 1 nm the coherence time
is about 5 ps |186]. The beatings result in enhancement of the
instantaneous power (peak power) in a short time duration, and
for a bandwidth of 1 nm the instantaneous power is up to 7 times
the average power [186]. This effect is important in interpretation
of the results from qausi-CW SC generation experiments.

Mode quality is of crucial importance for many applications, such as
telecommunications and SC generation, where the light needs to
be coupled to single mode fibers or focused to the smallest spot
size possible. It is defined within the so-called beam parameter
product (BPP), which is the product of the beam radius at the
waist (wp) and the beam divergence in the far field (#). A beam
with a Gaussian spatial profile is diffraction limited, and there-
fore is the ideal distribution and has a BPP of A/7 = 0.34 mm
mrad at 1064 nm [63]. A non-ideal mode quality is quantified as
M2 = Qwo/BPP > 1. The M? factor is measured by focusing the
beam with a lens such that a suitable size beam waist is formed
and measuring the beam profile through the focus point to ob-
tain sufficient data to precisely determine both the waist size and
location as well as the far-field divergence.

Spectral properties are measured with a spectrometer (linear photo-
diode array) or an optical spectrum analyzer (typically a rotating
grating, a slit, and a detector). The spectral properties are closely

'The mode spacing is co/(2nL), where n is the refractive index and L the cavity
length. The number of modes is the bandwidth (in frequency) divided by the mode
spacing.
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related to the temporal dynamics for short pulses due to the trans-
form relationship. The central wavelength, bandwidth and the
spectral shape are typically analyzed, which are good indicators
of the quality of the gratings used to build the cavity and the
output. Spectral broadening due to nonlinear effects such as stim-
ulated Raman scattering and self-phase modulation (see section
can be identified and are commonly found.

Quantum efficiency is defined as the 79 = Apump/ Asignal, Where Apymp
is the mean wavelength of the pump and Ag;gpq; is the signal wave-
length. This factor is important in that, in order for a quasi-four
level laser transition to occur (see section , the pump photon
energy must be higher than the signal photon energy. For Yb-
doped fiber the value is typically between 86% and 95%, which is
very low compared to most other laser media. The upper limit in
the efficiency of the laser is set by this value. The energy that is
not converted is dissipated as heat (phonons).

Slope efficiency is defined as the linear slope of the output power ver-
sus the available or incident or absorbed pump power. The laser
threshold of Yb-lasers is <1 W of pump power, which means that
in many cases the threshold can be neglected. For high perfor-
mance lasers the slope efficiency is 1-5% lower than the quantum
efficiency, where the additional losses can be explained by splicing
losses, scattering loss in the fibers, and an imperfect HR grating.
When considering the absorbed slope efficiency the output power
is divided by absorbed pump power (the coupled pump power mi-
nus the unabsorbed pump at the output).

Optical-to-optical efficiency is defined as the optical output power
of the laser divided by the optical output power of the pump diodes
at a given diode current. It is a few to tens of percent less than
the slope efficiency depending on the pump power because it in-
corporates the lasing threshold.

Polarization or the polarization state of the optical output of a fiber
is either linearly, elliptically, or randomly polarized. The degree
of polarization of an emitted beam can be measured at the output
by analyzing the output with a polarizer (birefringent element), ei-
ther by rotating the beam polarization or the polarizer about the
axis of propagation. The ratio of the highest transmitted power
divided by the lowest transmitted power is a good approximation
to the polarization extinction ratio, which is often converted to
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decibels. For fibers, good linearly polarized output has a polar-
ization extinction ratio between 16-20 dB. Higher values can in
general be produced in solid state lasers.

Figure B.2: High power fiber lasers are hazardous to the skin and especially the
eyes. Remember to wear appropriate protection at all times and minimize the risk of
accidents. Source: www.electricstuff.co.uk

B.2 Core and cladding pumping

Active fibers can, depending on the application, be designed to be core
pumped or cladding pumped. In Fig. the two pumping schemes of
fiber lasers are illustrated.

The pump source is generally either diode lasers or other fiber lasers.
Fiber lasers are used as pumps e.g. when the desired pump wavelength
is not accessible with diode lasers, or a low pump beam NA, a short
pump pulse duration, or a high peak pump power are needed. The com-
plexity and cost of the complete fiber laser increases in this case. Diode
lasers have a moderate beam quality, relatively narrow bandwidth, high
electrical-to-optical efficiency, and the price per Watt is lower than for a
fiber laser. Diode laser technology has matured to the point that they are
easily packed and fiber coupled, which makes them robust and reliable.
The pump diode laser technology is described in detail in Appendix

In the lower part of Fig. the pump intensity is illustrated as
function of the length of the active fiber for the two pumping schemes.
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Figure B.3: Difference in the core and the cladding pumping schemes. The lower
part shows the pump intensity as function of distance in the active fiber.

The pump absorption efficiency 7,,s(Lys) is defined by

1(0) = I(Lys)

Nabs(Lyn) = T00)
— l—exp {—LYbaa(Ap)Nl A } (B.1)
pump
= 1- exp {—0.23LYbadB()\p)} y (BQ)

where I(z) is the pump intensity, Ly} the active fiber length, A, the
wavelength of the pump, I' the effective overlap of the transverse mode
area of the core and the Yb-doped area A, and Apump is the area of
the mode(s) of the pump. When the laser medium is excited, the upper
state density Ns is populated and density of ground state Nj is reduced,
hence N; = Ny — Na, where Ny is the ion concentration. The pump is
said to be unsaturated, where it applies that No/Ny — 0 and N; ~ Np.
A given active fiber is therefore characterized by a the pump absorption
coefficient agp(Ap) in unit of dB/m (N = Ny is assumed).

A typical pump absorption efficiency 7455 of a fiber laser is designed
to be 13 dB-20 dB (95%-99%). Absorbing the last fraction is inconve-
nient because, for large values of the Lypagp, the absorption efficiency
increases slowly and a large length is needed. Note that if the absorption
cross section is doubled, the fiber length can be reduced by half while
maintain the same pump absorption efficiency. Increasing A increases
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the number ions per length (at fixed doping concentration) and reducing
Apump increases the overlap between the pump and the doped area, and
hence the absorption coefficient is increased.

In core pumping the beam quality of the pump laser must be high to
match the low NA of the core and the spot diameter must match the area
of the core. For these reasons single-mode pump lasers must be used.
In core pumping the overlap of the pump light and the core is high due
to Apump ~ 'A. The pump absorption efficiency coefficient is typically
more than 100 dB/m [66], hence the pump light is typically absorbed
over a short active fiber length of centimeters. This causes a high upper
state density and pump saturation is often present in core-pumping.
When the pump power exceeds tens of Watts, the generated heat per
centimeter is high and problems with heat dissipation occurs [112]. To
overcome the power limitations the cladding pumping geometry can be
applied.

In the double clad fibers the pump waveguide has much higher NA
and core area, and can therefore collect more light and the beam quality
of the pump can be reduced. This opens the possibility of using cost-
effective and high power multi-mode diode lasers |[10]. The pump light
still has overlap with the doped area but the absorption coefficient is
much smaller than in core pumping. Typical cladding pump absorption
is less than 10 dB/m [66], which means that the cavity length should
be a few meters to maintain a sufficient absorption of the pump. This
has the advantage that the heat load is distributed over a large length
(surface area). Up to a kilowatt per meter of extracted power has been
demonstrated corresponding to hundreds of Watt of generated heat per
meter [10].






APPENDIX C

Implementation of the
detailed model

The numerical scheme applied is chosen such that the level of approxi-
mations is low in order to keep the results as general as possible. The
fibers used in the project have a nearly symmetric core hence the angular
dependence in the radial coordinate is small and can be neglected. The
fiber is therefore split into a number of concentric tubes and the length
is discretized. The optical power spectrum is divided into a number of
bins with a specific bandwidth. Both forward and backward propagating
powers are simulated. The transverse mode is found by a radial mode
solver. The transverse field of the pump is assumed to be uniformly dis-
tributed over the cladding area. The pump and signal are simulated to
travel in both forward and backward directions. It is a boundary value
problem, and the following boundary conditions are used:

Py (Lpump) = pSPUP(2) (C.1)

p;(Lpump) = p,0 P (t) (C.2)

p(Lur) = Ruwp,(Lur) (C.3)

pZ(LZR) = (1- RL,w)p;t(LZR) (C.4)

po(Lrr) = Rrwps(Lir), (C.5)

where p=P"™P(¢) is the forward and backward propagating pump power

at the position Lpump, R is the reflectance of the high reflector, and
Ry ., is the reflectance of the low reflector. The temporal and spatial
derivatives are discretized using simple forward and backward difference
approximations. The forward difference scheme is defined as

ou Uj+1 — Uy

o Rl e (C.6)
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where u; = wu(x;,t). Furthermore, the so-called Courant number @,
which relates the temporal and spatial time step, is defined as

ot 605t
Q= Sz /ey ndz (1)

It can be seen that Q < 1 to avoid numerical artifacts.

The implementation is quite lengthy (300 lines) in order to have
a high level of flexibility, so only the core lines of the implementation
will be shown. To read the presented code only fundamental knowledge
of the Matlab programming language is required. The symbols follow
the convention in the derivation closely and are therefore not separately
listed here. Each element of the code has been validated by means
of known steady state and dynamic solutions. This code and some
examples are made publicly available on www.muder.dk/GS.

%$% Finite difference simulation of fiber laser, 2013 C. Larsen
= length/nz; length step size, total length/number of z's
dt = Qxh*n0/c0; temporal step size
(nz,nlam) is forward propagating power at wavelength (lam)
(nz,nlam) is backward propagating power
for j = 1l:nt % loop nt times to propagate equations

zeros (nz,nr); G = zeros(nz,nlams); S = zeros(nz,nlams);
add pump (P) to forward prop. power at pump.zi
p(pump.zi,pump.nlam) = p(pump.zi,pump.nlam) + Q % pump.P;
% implement grating at fbg.zi
p(fbg.zi+l, fbg.nlam) = fbg.tm/Q * p(fbg.zi, fbg.nlam)
(1—fbg.tm) /Q * g(fbg.zi+l, fbg.nlam);

oy

o
o
o
°

o0

+
p(fbg.zi, fbg.nlam) = 0;

o)

% update population
for 1 = l:nlams % integrate over all wavelengths
K = K + lam(l)*(siga(l)—(siga(l)+sige(l))*n2) ...
s ((p(:,1)+q(:, 1)) *psi(l,:));
end
n2 = (n2.*x(1 — dt/tau2) + dt/ (h0*c0)*K);
% update gain
for k = l:nr % integrate over the radial direction
G =G+ (n2(:,k)+(siga+tsige) — ones(nz,1l)*siga)...
.% (ones(nz,l)*psi(:,k)") xk;
end
% update spontaneous emission

S1 = 2xpi*NO0*x2+xh0xc0"2+sige./ (pi*Dc"2/4xlam.”3) .+dlam;

for k = l:nr % integrate over the radial direction
S =S + n2(:,k)*Sl*k;
end

% update forward propagation for all wavelengths

p(2:nz,:)=p(2:nz, :) .x (1—Q0+Qxhx (—alpha+2+pi*NO.xdr"2+G(2:nz, :

+ QOxp(l:nz—1,:) + Qxh*xdr"2xS(2:nz,:);
end



APPENDIX D

The laser cavity

In this appendix the characteristic times of a laser cavity are derived. A
cavity is made of two mirrors with a certain separation called the cavity
length. The time it takes of a photon to propagate from one mirror to
the other and back again is called the round trip time 7, and is given
by [230]

Trt = %, (Dl)

€o

where L is the cavity length, cg is the speed of light, and n is the
refractive index. For a passive linear cavity with mirror reflectivities
R; and R, and a loss per fiber length «, the intensity I(¢) at a fixed
position after a single round trip is given by

I(70¢) = I(0)R1 Ry (1 — aL)% (D.2)

The intensity at a fixed position at the time of the m’th round trip
(t = mt,¢) defines the photon lifetime in the cavity, 7., as

I(m7y) = 1(0)e™"™™t/T = I(0){Ri Ry (1 — aL)*}", (D.3)

and thus 7. is

Trt

“In{RiRy(1 — aL)?} (D-4)

Te =

Typical values for a fiber laser with fiber Bragg gratings are Ry = 1,
Ry = 0.15, and oL =~ 0 and the photon lifetime is then ~ nL/cy. The
pulse duration of pulses produced by gain-switching is affected by the
round trip time and by reducing the fiber length L the pulse duration
can be minimized.
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APPENDIX E

Chromatic material dispersion

In this appendix the chromatic material dispersion is discussed by using
the classical model of a driven and damped harmonic oscillator. The
material dispersion of silica is represented by Sellmeier polynomials.
The classical, driven, damped, harmonic oscillator is found to de-
scribe absorption and dispersion well. By the Newton second law the
equation of motion of a (quasi-particle) charge carrier is described by

0%z (t) ,0x(t)
oz ) o

+wla(t) + %E(t) —0, (E.1)

where z(t) is displacement of charge carrier density from equilibrium, m*
the effective mass, 7' damping rate, w? = k/m* the resonance frequency,
e electron elementary charge, FE(t) the applied electric field. The solution
to this is called the Lorentz model, and the Drude model is derived by
setting the resonance frequency to zero. Due to the linearity the response
terms are additive.

The harmonic solution to equation [E.I] can be found by an electric
field of E(t) = R{E, exp(—iwt)} and assuming that the solution to the
displacement has the same time dependence, x(t) = R{x,, exp(—iwt)};

z exp(—iwt) { —w? —iwy + w2} + %Ew exp(—iwt) = 0(E.2)
m
Ty {—w? —iwy + w2} + %Ew = 0(E.3)

Note, that the chosen sign of the exponential defines the complex re-
(1)

fractive index, hence n = n,. +tk. The linear susceptibility x, ’ of term
p can now be found as

1 _ Hw) (B.A)
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where P,(w) = —eNpxp(w) is the induced polarization given by the
electronic charge, the density of oscillators N, and the displacement.
Combining equation [E.3] and [E-4] gives

2
(1) _ —eNpZwp “pp (E.5)
X T TR Cwi —w? —iwy!) ’
w Op Tp
introducing the plasma frequency w]%p eom * for pole p. The complex

refractive index of a material consisting of several Lorentz terms is then
given by,

N
_ 2 _
IO MINEED v S
p Op

The dispersion is defined [12]

dvg—l )\2 d2n
d\ ¢ a2’

D= (E.7)
where v, is the group velocity. Alternatively, the propagation constant
B = nw/c = nk can be expanded in a power series, which coefficients
are defined

& B(w)

dwi

Bj = |w=wo> (E.8)
where wy is the reference angular frequency.

In Fig. [E]the real and imaginary components of the relative permi-
tivity is shown for three resonances. In the lower section the refractive
index and the dispersion is calculated. At resonance the radiation can
be dissipated and transformed into heat. The resonances imply varia-
tion with frequency of the real part of the permittivity and hence the
refractive index, which can be described through Kramer-Koning rela-
tion. Normal dispersion means increase of permittivity /refractive index
with frequency, anomalous dispersion is the reverse. It can be seen that
in between two resonances the dispersion crosses zero.
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Figure E.1: Dispersion of an artificial material with resonances at frequencies of 2,
5, and 7 with varying strength and linewidth. In the bottom part the refractive index
and the dispersion is seen as function of wavelength. A zero dispersion wavelength is
found at 0.485 in between the two resonances.

E.1 The Sellmeier polynomial for silica

The common way of expressing the dispersion of a material is by the
so-called Sellmeier polynomial given on the form

N )\2(%'
nN) =41+ 35 (E.9)
i=1 !

where the parameters a; and b; are given by fits to experimental data.
The values used for pure silica in the project are: [231]

al
b1l

0.6965325; a2 = 0.4083099; a3 = 0.8968766;
4.368309e-3; b2 = 1.394999e-2; b3 = 9.793399%e1,

where A is in ym. A high Germanium concentration in the core changes
the refractive index and the Sellmeier polynomial must be modified as

N 2. .
n(A) = 1+ZA2_(6‘_x(di_bi))2, (E.10)
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where the mole fraction of Germanium is x, and the parameters are [232];

al = 0.69616630; a2 = 0.40794260; a3 = 0.89747940;
bl = 0.06840430; b2 = 0.11624140; b3 = 9.8961610;
cl = 0.80686642; c2 = 0.71815848; c3 = 0.85416831;
dl = 0.068972606; d2 = 0.15396605; d3 = 11.841931;

The Sellmeier parameters for 1% and 2% fluorine doped silica are [233]

al = 0.69325; a2 = 0.39720; a3 = 0.86008;
bl = 0.06724; b2 = 0.11714; b3 = 9.7761;
al = 0.67744; a2 = 0.40101; a3 = 0.87193;
bl = 0.06135; b2 = 0.12030; b3 = 9.8563;
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