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Abstract

In this thesis, a theoretical and numerical study of the use 6 rare-earth-
doped photonic crystal bres as optical ampli ers and lasers, has been
performed.

Photonic crystal bres or microstructured optical bres is a new kind
of optical bre in which the cladding region typically consist of a pe-
riodic microstructure, resulting in a bre with very di ere nt properties
compared to conventional optical bres.

The properties of photonic crystals bres are described, wih focus on
the advantages this technology provides compared to conveéional bres,
within the area of optical ampli cation.

The thesis also presents the basic properties of optical antication, and
describes the numerical model developed to model the behawir of lasers
and ampli ers based on photonic crystal bres.

The developed numerical tools are then used to investigatepseci ¢ appli-
cations of photonic crystal bres. Their novel properties allow for design
of optical bre ampli ers and bre lasers with superior perf ormance, com-
pared to solutions based on conventional bres.

The primary applications considered are high e ciency bre ampliers
based on index guiding photonic crystal bres, and claddingpumped air-
guiding bre lasers, based on photonic bandgap guiding bres.






Resune

Denne afhandling omhandler en teoretisk og numerisk undergelse af
fotoniske krystal bre, og mulighederne for at benytte disse bre til optisk
forst rkning ved dotering med sj Idne jordarter.

Fotoniske krystal bre eller mikrostrukturerede bre er en relativ ny klasse
af optiske bre, hvor kapperegionen typisk bestr af en periodisk mikro-

struktur. Dette resulterer i bre med markant anderledes egenskaber end
konventionelle optiske bre.

Ved hjlp af numeriske modeller beskrives de optiske egens&ber for
disse bre, med fokus p de fordele denne teknologi giver irdenfor op-
tisk forst rkning.

Afhandlingen pr senterer oga mekanismerne bag optisk forst rkning i
doterede bre og beskriver den numeriske model, der er udvilet, til at
modellere egenskaberne af lasere og forst rkere baseretfotoniske krys-
tal bre.

De udviklede v rkt jer bliver benyttet til at unders ge spe ci kke oma-
der, hvor egenskaberne af fotoniske krystal bre kan udnyttes til at designe
berforst rkere og berlasere med forbedrede egenskaber,sammenlignet
med | sninger baseret p konventionelle bre.

Hovedomaderne, der er beskrevet, er e ektive berforst rkere, baseret
p indexguidende fotoniske krystal bre, og kappepumpede luftguidende
berlasere, baseret p bndgabsguidende krystal bre.






Contents

Preface i
Abstract iii
Resune v
1 Introduction 1
2 Photonic Crystal Fibres 3
2.1 Basic concepts of Photonic Crystal Fibres . . . . ... .. 4
2.1.1 Microstructered Cladding Structure . . . ... .. 4
2.1.2 Introducing a Fibre Core . . ... ... ... ... 6
2.2 Modelling of Photonic Crystal Fibres . . . . .. ... ... 7
2.2.1 Electromagnetic wave propagation . .. .. .. .. 8
2.2.2 The plane wave method . . .. ... ... ..... 9
2.2.3 The nite dierence method . . . . ... ... ... 11
2.2.4 Structure generation . . . . . .. .. ... ... 15
225 Othermethods ... ... .............. 17
2.3 Index Guiding Photonic Crystal Fibres . . . . . . ... .. 19
2.3.1 Step-index breanalogy . . ............. 20
2.4 Photonic Bandgap Fibres . . . .. ... ... ....... 23
2.4.1 Air-guiding Photonic Crystal Fibres . . . ... .. 27
25 Summaryofchapter2 . ... ... ... ... ....... 32
3 Rare Earth Doped Fibre Ampli ers and Lasers 35
3.1 Optical Amplication . ... ................ 35



5

3.1.1 Concepts of Optical Ampli cation with Rare-Earth-

lons . . . . .. 36
3.1.2 Fibre Lasers and Ampliers . . . . ... ...... 40
3.1.3 Double Cladding Fibre Structures . ... ... .. 41
3.2 Active Photonic Crystal Fibres . . . ... ... ...... 42
3.2.1 Fabrication of Active Photonic Crystal Fibres . . . 43
3.2.2 Waveguiding Properties of Active Photonic Crystal
Fibres . . . .. . ... .. 46
3.2.3 Active Double Cladding Photonic Crystal Fibres . 48
3.3 Modelling Fibre Ampliers and Lasers . . ... ... ... 52
3.3.1 Designing Amplier Models . . . ... ....... 53
3.3.2 Numerical Approach and Rate Equations . . . . . 54
3.3.3 Model Development . . ... ... ......... 57
3.4 SummaryofChapter3 . .. .. ... ... ... ...... 59
High E ciency Fibre Ampli ers 61
4.1 Modelling of photonic crystal bre ampliers . .. .. .. 62
4.2 Design considerations . . . . ... ... ... 62
4.2.1 De nition of optimisation parameter . . . . . . . . 63
4.3 Simulations of high e ciency ampliers . . .. ... ... 64
4.3.1 Optimizing for a constant target gain of 15dB . . . 65
432 Sizeofdopedarea ... ............... 67
4.3.3 Refractive indexchanges. . . .. .. ........ 68
4.3.4 Ampli er parameters for varying hole sizes . ... 70
4.3.5 Varying the target gainvalue . . . ... ... ... 70
4.4 Summary of chapter4 . .. ... ... ... ........ 72
Air-guiding Photonic Crystal Fibre Lasers 73
5.1 Rare-earth-doped air-guiding bres . . . .. ... ... .. 74
5.1.1 Yiterbium based brelaser . ... ... ... ... 75
5.2 Design considerations . .. .. ... ... .. ....... 76
5.2.1 Double cladding structure . . . . . ... . ... .. 76
5.2.2 Idealised structures . . . . ... ... ... ..... 76
523 Coredesign . . . ... ... .. ... ... 78
5.3 Ytterbium distribution . . . . .. ... oo 78
5.4 Overlap between core mode and rare-earth ions . . . . .. 79
5.4.1 Numerical approach . .. .. ............ 80

viii



5.4.2 Radial intensity distribution. . . . . ... ... .. 81

5.4.3 Bandgap variations . . . . . ... .. ... ... .. 84
5.4.4 Hole size variations . . . . . ... ... ... ..., 87
5.5 Pump distribution and absorption . . . ... .. ... .. 90
5.5.1 Pump distribution in inner cladding . . . . . . .. 91
5.6 Numerical aperture to outer cladding . . . . ... ... .. 93
5.7 Maximum power level . . ... ... .. ... .. ..... 95
5.7.1 Laser induced damage threshold of silica . . . . . . 96
5.7.2 Power levels in air-guiding bres . . .. ... ... 97
5.8 Feasibility of air-guiding brelasers .. .. .. ...... 100
59 Summary of chapter5 . . .. ... ... ... ....... 101
6 Conclusion 103
References 107
List of Publications 117
List of gures 123
List of Acronyms 127






Chapter 1

Introduction

The development of silica based optical bres with acceptale losses [1],
led to an intense research within optical communication sytems. First
the wavelength region around 800hm was used, then single-mode bres,
lower losses, and zero dispersion around 130@n lead to the use of the
second telecommunication window, and nally dispersion sfifted bres
and even lower losses resulted in the today most common wawzigth in-
terval, the third telecommunication window, around 1550nm. At this
point the performance of optical communication systems wadimited by
the losses in the bres, and this lead to an extensive reseahcwithin the
area of optical ampli cation. The goal was to avoid the expersive and
complicated electrical detection and regeneration, and instead amplify
the optical signal directly. This goal was achieved with thedevelopment of
the erbium doped bre amplier (EDFA), which revolutionised the com-
munication industry [2]. EDFAs had a number of excellent properties,
which made them ideal for optical communication systems, sch as high
gain, low noise, bit-rate insensitivity, and broad bandwidth. Also the
bre nature of EDFAs results in polarisation insensitivity and easy inte-
gration with existing systems [3]. These excellent properies have made
EDFAs, or more general, rare-earth doped (RED) bre ampli ers a vital
component in optical communication systems.

RED bres have also gained extensive use as bre lasers. Advaes in



2 Introduction

pump technology and advanced double cladding structures, @ambined
with the excellent beam qualities have made RED bre lasers,with very

high output powers, commercially available [4], making bre lasers a vi-
able alternative within areas such as medicine [5], materigprocessing [6],
and sensor technology [7].

Recently a new class of optical bres,photonic crystal bres (PCFs), have
been developed [8]. PCFs have a range of special propertieghich makes
them interesting for many applications, including RED bre ampliers
and lasers. The main subject of this thesis is the combinatio of the two
technologies RED bres and photonic crystal bres.

The remainder of this thesis is organised in the following wsg:

Chapter 2 presents fundamental aspects of PCFs, and the guiding me-
chanisms and basic waveguiding properties are described.hE numerical
modelling techniques are presented, and nally the areas obandgap-
guiding PCFs and air-guiding PCFs are investigated.

Chapter 3 discusses the area of optical ampli cation in RED PCFs. The
mechanisms of light/matter interactions are described, ar the important
area of double cladding structures is discussed. Then the adntages and
challenges of using PCFs as active bres is investigated, ah nally the
development of a numerical model to simulate RED PCFs is presnted.

Chapter 4 describes the design of highly e cient ampli ers based on
PCFs. By tightly con ning the pump and signal in a small core bre,
it is possible to design bre ampli ers that can be operated a very low
pump powers.

Chapter 5 presents the idea of using double cladding air-guiding PCFs
as bre lasers. In air-guiding bres the majority of the power is located
in the hollow core, which makes it possible to increase the mamum
power delivery of bre laser system. The possibilities and imitation are
thoroughly described based on numerical calculations.

Chapter 6 holds the conclusion of this thesis.



Chapter 2

Photonic Crystal Fibres

Microstructured bres or photonic crystal bres (PCFs) is a relatively
new class of optical waveguides that was rst mentioned by Knght et
al. in 1996 [8]. PCFs have many novel properties, which makethem
interesting for a range of applications.

In this chapter the concepts of PCFs and the basic waveguidig properties
of these bres are described. In section 2.2 theoretical tols, developed to
analyse optical properties of these bres, are presented. iRally important
types of PCFs and important PCF applications are described.

The aim of this chapter is not to give an exhaustive descripton of all
possible applications of PCFs. Focus will be on the propergs and ap-
plications investigated throughout this project period. Other important

areas, such as supercontinuum generation and dispersion magement,
are only brie y touched upon. For a comprehensive descripton of PCFs
the reader is directed to the introductory book by Bjarklev, Broeng, and
Bjarklev [9] or the numerous publications which are still emerging on
these subjects.
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2.1 Basic concepts of Photonic Crystal Fibres

PCFs are optical bres which have a microstructered refracive index
pro le in the bre cross section. Typically these bres are made from
pure silica, and the cladding structure of the bre contains a number of
periodically arranged air holes, running along the length éthe bre. The

core of the bre typically consist of pure silica.

2.1.1 Microstructered Cladding Structure

The cladding structure of PCFs consists of multiple materids (where air
is counted as a material), with di erent refractive indices, typically ar-
ranged in a microstructered periodic array. Fig. 2.1 shows a example
of a cladding structure, which is a triangular arrangement d air holes
in a silica background. Each dark blue circle indicate an airhole, which
runs along the entire length of the PCF. The index prole of the -
bre is therefore invariant along this direction, de ned as the z-direction.
Triangular lattices, as the one showed, are the most used sticture, but
other possibilities such as square lattices [10], honeycdmlattices [11] or
even random hole distributions have been published [12]. Alo, the typ-
ical air/silica bres can also be enhanced with doped regios in the core
and/or cladding [13], or the microstructure can be made soll by doping,
thus avoiding the air holes [14].

The period of the lattice is in the same order of magnitude as he wave-
length of the light. These small structures mean that the cladding mate-

rial may be seen as a single material, with a refractive indexsomewhere in
between the refractive indices of the separate material coponents. This
average refractive index is determined by examining the ligt propagation

in the composite material and nding the frequencies and prgagation

constants of the allowed modes in the structure. An e ective index, as
known from conventional bre optics, is then de ned as:

Ne = — (2.2)

where is the propagation constant, andk is the free-space wave number.
The e ective index of the material is de ned by the allowed mode with
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L, 4

Figure 2.1: PCF cladding structure with a triangular periodic arrange-
ment of air holes in a silica background. The two fundamentapa-
rameters de ning the structure are indicated: The distance between 2
neighbouring air holes, the pitch, is denoted , and the diameter of
the air holes is denoted,d. Typically a normalized value,d= is used
to specify the hole size.

the highest e ective index, also known as thefundamental space- lling
mode (FSM) of the cladding structure [15].

The e ective indices of such microstructured materials arehighly wave-
length dependent. In the low frequency limit, the solution converges
towards plane waves, and the e ective index become a weighteaverage
of the refractive index of the constituent materials. Analytical expres-
sions for this e ective index, can, for certain geometries,be found [16].
In the high frequency limit, modes can be completely con nedto the high
index material, and the e ective index will converge towards the highest
index in the structure. In this case, however, assuming the raterial is a
homogeneous material with an e ective index, might not be acurate.

The e ective index for the simple triangular structure shown in Fig. 2.1,
as a function of normalized frequency,—, is shown in Fig. 2.2. The
index for three di erent hole sizes is shown. The backgroundmaterial
has a refractive index of 1.45, which is the index value usedof silica
throughout this thesis, when material dispersion is negleted. It is easy
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Figure 2.2: E ective refractive index of a triangular structure of air h oles
in silica, as a function of normalized frequency. Curves forthree dif-
ferent hole sizes are shown. The background material has aft@ctive
index of 1.45, as indicated by the horizontal dashed line.

to get an intuitive feeling for the qualitative behaviour of the e ective
index curves shown. At long wavelengths the light spreads duinto the
holes, resulting in a low e ective index. For high frequences, the light is
con ned to the high index areas.

2.1.2 Introducing a Fibre Core

Locally breaking the symmetry in the periodic lattice creates a region,
with di erent mode solutions, compared to the unperturbed region. This
may be used to create the core in the photonic crystal bre.

The simplest and most widely used method, is to omit a single & hole,
which creates a region with a higher index compared to the cldding
region. Light may then be guided in the core region, since thee ective

index of the cladding region is lower than the index in the coe. Such
bres are referred to as index-guiding PCFs. The guiding mebanism
is often referred to asmaodi ed total internal re ection (MTIR), which

strongly resembles the principle oftotal internal re ection (TIR), which

is well known from conventional optics, including conventional optical
bres (COFs).
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(a) Schematic illustration of a PCF. (b) SEM picture of a PCF. Pic-
ture is courtesy of Crystal Fibre
A/S.

Figure 2.3: Examples of index guiding photonic crystal bres. The cross
sections contain air holes, and a core is formed by excluding single
air hole. The index distributions are invariant in the z-direction.

Two examples of index guiding PCFs are shown in Fig. 2.3. Thechematic
(a) shows the triangular cladding structure, and the core famed by re-
moving a single air hole. The third invariant dimension is indicated. Fig.
2.3(b) show an actual PCF, fabricated at Crystal Fibre A/S [17]. The
diameter of the shown structure is approximately the size ofa human
hair.

PCFs may also guide light by a fundamentally di erent mechanism, known
as the photonic bandgap(PBG) e ect. However, before the properties of
PCFs are further investigated, di erent approaches to numerically inves-
tigating the behaviour of PCFs will be described.

2.2 Modelling of Photonic Crystal Fibres

Numerous modelling techniques exist for simulating electomagnetic wave
propagation. During this project period two methods have ben exten-
sively used: The plane wave method and the nite di erence mehod. In

this section an introduction to these methods are given.
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2.2.1 Electromagnetic wave propagation

The wave propagation in PCFs are governed by Maxwell's equabns,
which de ne the time and space dependency of the electric andhagnetic
elds:

r D = (2.2)

r B =0 (2.3)
_ @

rE = o (2.4)

r H = j+%t (2.5)

where E and H are the macroscopic electric and magnetic elds, and
and H are the electric and magnetic ux densities, related throudh:

D = 0 E (26)
B = H (2.7)
j is the current density, and is the charge density. Since only non-
magnetic, non-conductive materials are considereq = 0 and = 0.
Assuming a harmonic time dependency of the electric and maggtic eld,
these can be written as.
E(r;t) = E(r)exp(i! t) (2.8)
H(r;t) = H(r)exp(i!t) (2.9)

Using this (2.2)-(2.5) becomes:

r D =0 (2.10)
r H =0 (2.11)
r E = il oH (2.12)
r H = il oE (2.13)

Combining (2.12) and (2.13) it is possible to eliminate either one of the
elds, formulating an equation using only the H - eld or the E- eld. Doing
this for the H- eld yields:

r -r H = =H (2.14)
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(2.14) is a Hermitian eigenvalue equation, and is known as th wave equa-
tion for the magnetic eld. Together with (2.11), this is the basic equa-
tion, which needs to be solved. Solving the above equation Wigive the

magnetic eld distribution. If the electric eld distribut ion is needed, it
may be calculated e.g. by using (2.13).

2.2.2 The plane wave method

The plane wave methodPWM) is used to solve periodic electromagnetic
problems. The solutions are found as a superposition of plan waves.
Since the cladding structures of PCFs are periodic, this mdtod is an
excellent choice for determining the allowed solutions in ke in nitely
periodic cladding structure. For a detailed mathematical description of
this method, the reader is referred to [18].

In a periodic structure Bloch's theorem states that any mode may be
expanded as an in nite sum of plane waves. Working in the regdrocal
space, the problem may be cast as a standard eigenvalue praoh, where
the eigenvalues are the frequency response to the considdrevave vector.
This eigenvalue problem may be solved using a standard eigealue solver.

In the typical case of a triangular lattice, the structure may be represented
by a simple unit cell, as indicated in Fig. 2.4(a). Ultimately it may be

shown that the allowed solutions in the cladding structure, for a given
propagation constant = ‘%, k, may be found by calculating the allowed
modes for all values of the transverse wave vectdt within the irreducible

Brillouin-zone in reciprocal space, indicated by the dark Bue region in
Fig. 2.4(b). Even though no formal proof exist, experience sggest, that
all allowed modes are bound by the modes located along the edgf the
irreducible Brillouin-zone. The MIT Photonic Bands (MPB) program

may be used to nd the allowed solutions in the cladding strudure, by

varying the transverse part ofk along ! M ! K'!

The actual implementation used is the freely available sofivare package
MPB, developed by Steven Johnson [19].

The PWM is extremely e cient at nding the allowed cladding m odes,
due to the inherent periodicity of the cladding. If a core is introduced,
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(a) Periodic triangular lattice structure.
Red area indicated the unit cell, spanned

(b) Reciprocal lattice, with the
reciprocal lattice vectors G; and

G2. Colored area indicate the
1st Brillouin-zone, and the ir-
reducible Brillouin-zone with the
high-symmetry points.

by the lattice vectors, R; and R».

Figure 2.4. Real lattice and reciprocal lattice for triangular lattice

structure.

in the form of a lattice defect, the periodicity is broken. The PWM
may however still be used, if an arti cial periodicity to the problem is
imposed. This may be done by also reproducing the defect in tin nite
lattice structure, as shown in Fig. 2.5. This is known as the spercell
approximation. The computational demands are much higher i this case,
since the size of the computational domain has increased sigcantly. To
get an accurate solution, it is necessary to create a superitewhich is large
enough, as to prevent coupling between the repeated defects

For index guiding PCFs, the guided mode has the largest refrative index
of all modes. The eigenvalue of this mode is therefore the nuerically
smallest eigenvalue. The eigensolver in MPB is highly optinzed at nd-
ing the smallest eigenvalues of the problem, which means thaviPB is
very e cient when considering index guiding PCFs. When PBG guiding
bres are considered, and defects are introduced, the potdial guided
mode is no longer found by nding the smallest eigenvalue, tis means
that special measures have to be taken. Using MPB it is possib to search
for the PBG guided modes, by shifting and squaring the eigeralue spec-
trum, such that the guided mode again has the smallest eigeratlue. This
unfortunately destroys the optimised conditioning of the matrix problem,
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Figure 2.5: Supercell approximation for the plane wave method. Example
of a 5x5 supercell for a triangular lattice structure. Notice the periodic
repeating of the core defect.

and the the convergence becomes signi cantly slower.

2.2.3 The nite di erence method

To overcome this problem (and for a number of other reasons)a nite
di erence program was developed, primarily, by Ph.D. student Jesper
Riishede.

The nite di erence method is a direct approach to solving th e wave
equation from (2.14). A system of linear equations are assented based
on nite di erence approximations to the wave equation. The eigensolver
of the program use inverse iteration. This means that to nd a specic
eigenvalue, the eigenvalue spectrum is shifted, and inveed. The de-
sired eigenvalue now becomes the largest eigenvalue, whican be found
fast. The price is that the inverse matrix is calculated expicitly, which

is memory intensive. Thus memory is sacri ced in order to geta shorter
execution time.

Finite di erence approximations

In Fig. 2.6 a smooth function f (x) is shown. The function is approxi-
mated on a set of discrete points on the x-axis, denoted;. The function
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f(x)

\J

Xi-2 Xi-1 X; Xi+1 Xi+2

Figure 2.6: Discretisation of a one dimensional function for use with tre
nite di erence method. The function f (x) is discretised in set of
uniformly spaced points.

values in these points aref; = f (Xj). The distance between each discrete
point is denoted h, and are assumed constant. The n'th order derivative
of f is denotedf (M,

The standard nite di erence approximation to the derivati ves of f (x),
may be found by making a Taylor series expansion df; 1 andf;.; around
Xi [20]. The expression for the derivatives are:

f @ (x)) % (2.15)
f@x) = fia 2hf2i+fi+1 (2.16)

Approximations for varying step sizes may easily be derived but the
developed model only support uniform grids, so this is not sbwn. (2.15)
and (2.16) may easily be expanded to two dimensional probles

Scalar approximation

The scalar wave equation (Helmholtz equation) may be foundrom (2.14)
by neglecting the derivative of the inverse dielectric funtion. The result-
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ing equation is:
r+ n’—>5 = (2.17)

Assuming that the eld has an exp(i z ) dependency in the z-direction,
(2.17) become:

+ —_+n2_ = 2.18
@% @y c? (219)
The nite di erence approximation to this equation then bec omes:
2
P 2@t ey, w1 20t e, 20T
n? ' g AL

(2.19)
wherei andj are the index along thex- and y-direction respectively.

Doing this for all points results in a linear set of equations which may
be cast directly into matrix form. It is, however, necessaryto decide on
a boundary condition. The two most used choices are periodiboundary
conditions and metallic boundary conditions. In the rst case, the solu-
tion is assumed to be periodic using a Neumann boundary contion, and

in the latter the eld is forced to zero at the boundary, using a Dirichlet

boundary condition. A more detailed description of this method may be
found in [21].

The scalar approximation neglects the derivative of the diéectric function.

This means that the method is valid, when this dirivative is small, i.e.

as long as the index contrasts are small. PCFs typically corist of air

holes in a silica background material, which means that verylarge index
contrasts are available. Therefore the scalar approcimatin are generally
not accurate enough. In stead the vectorial e ects must be ircluded.

Full vectorial and semi-vectorial solutions

After some mathematical detail, (2.14) may be rewritten to two equations
for the x- and y parts of the magnetic eld [20]:
@H, @ 1@H 12 1@ @KF 2
+ — =2 4+ _H,. + ==Y = H (2.20)
% C2 X X
@x 9y, 0y | Oy @x
B

A
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A

The braced termsA and B indicate the changes from the scalar approx-
imation. If the derivative of the index distribution is assu med negligible,
the equation reduces to the Helmholtz equation. The term maked B, re-
sults in a coupling of the two equations. If this term is neglected, but the
term A is kept, the resulting equation is the so-called semi-vectdal wave
equation. This equation is signi cantly more accurate than the scalar
wave equation, and this is achieved without any signi cant increase in
computation time, since the number of non-zero elements inhe matrix
system is not altered. Assembling the matrix system becomeslightly
more complicated, since the derivative of the index structue must be
calculated.

If both term A and B are kept, the number of rows in the matrix system
will double, due to the coupling between the two equations. This will in-

crease computational times signi cantly, but also result in more accurate
results. The results presented in this thesis are all calcaited with full

vectorial models.

Finite Di erence Modelling of Photonic Crystal Fibres

The developed model is very well suited for modelling PCFs. Te prop-
erties of the cladding region may be modelled by using periad boundary
conditions. The size of the computational domain must, howeer, be cho-
sen to be a whole number of the lattice constant in thex and y direction.
Fibre structures may be investigated by introducing a core ad in this
case both metallic, periodic boundary conditions, or even rore advanced
boundary conditions may be used. The model is based on a Carséan
grid, which means that, when using periodic boundary conditons, the
size of the unit cell is increased, compared to the unit cell bthe PWM.
An example of a unit cell and supercell are shown in Fig. 2.7. Bth
domains are chosen, so that periodic boundary conditions mabe used.
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Figure 2.7: Computational cells for the nite di erence model.

Symmetries in the Structures

The majority of the bre structures considered has a six-fod symmetry,

meaning that the structure is not altered by a rotation of pi/ 3 radians.

Such structures may be oriented, so that it is symmetric around both the

X- and y-axis in a Cartesian coordinate system. This symmetry may be
used to lower the size of the domain, since it is only necessato calculate

the solutions in one of the four quadrants of the domain.

2.2.4 Structure generation

To e ciently model PCFs it is important to be able to easily ge nerate
the complex index structures used. When the index structurehas been
generated, the discretised index pro le and its spacial dewative is used
to cast the nite di erence equations into matrix form. Typi cal PCF
structures have large discrete steps in the refractive indepro le. It turns
out that, if care is not taken, discretising such structures may result in
signi cant errors, reducing the accuracy of the model.

To solve these problems, a structure generating programstructgen
was developed. Using basic geometric building blocks, suchs blocks,
circles, ellipses and polygons, the program enables fast dreasy genera-
tion of the complex index structures considered. The problen around the
material interfaces are reduced by assigning an average reftive index to
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X X X

Figure 2.8: If necessary, the refractive index is averaged, by subdiviity
the computational cell into a mesh, and then calculating hoviarge a
fraction of the cell is inside the considered objects. Red osses indicate
lattice points, while green crosses indicate subgriddinggints. The red
curve shows a section of a rod, which intersects the compuianal cell.

points, which are located on the boundary between two materls. When-
ever a cell is found, which is partially inside two or more maerials, the
cell is divided into an  n subgrid, and the index in thesen? points are
found. A weighted average is then calculated. The principlés illustrated

in Fig. 2.8, where a section of a circle passes through a comfaitional

cell. The cell is divided into a5 5 grid, and the number of points inside
the circle is calculated. In the example shown, 9 out of 25 sujridding
cells are inside the circle, and this fraction is used to caldate the average
index of the cell.

The accuracy of the overall method is improved signi cantly by intro-

ducing the subgridding. In Fig. 2.8, the relative error, as afunction
of resolution is shown for no subgridding, and for four di erent subgrid
resolutions. The fast oscillations in Fig. 2.9(a) makes it dcult to ac-

curately interpret the curves, even though no subgridding ¢early shows
worse convergence, compared to doing the subgridding. If a &ussian
lter is applied, to remove the fast oscillations, the tendencies can more
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Figure 2.9: Relative error in e ective index of an index guiding PCF as a
function of the number of points per unit cell for 5 di erent degrees of
subgridding. In (b) a Gaussian lter is applied to the data toremove
the fast oscillations.

easily be seen. No subgridding signi cantly lowers the accracy. For res-

olutions below about 25, a subgridding of only 3 3 is just as good as
a larger subgridding. This is because the accuracy is limité by the low

resolution. When the resolution is increased, the subgridohg start to be

the limiting factor, and from a resolution of above 30, a di erence can be
seen between subgridding values of 3 and 5. For even higherluas of the
resolution, a di erence between subgridding values 5 and 1@an also be
seen.

The developed model may be used to create quite complex indestruc-
tures, and very accurate descriptions of real index distrilutions. Two
examples of so-called air-guiding PBG bres generated withStructgen

are shown in Fig. 2.10. This type of bre will be described in detail later.

2.2.5 Other methods

The PWM and the nite di erence methods have been the most exten-
sively used numerical tools. Other methods have, however, éen consid-
ered.
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(a) Example of an air-guiding PCF (b) Example of structure which in-
clude various objects with rounded
corners.

Figure 2.10: Structgen is a tool to design bre cross-sections, and can
be used to generate quite complex index structures.

One of the drawbacks of the described models is the uniform sslution
across the entire calculation domain. A uniform grid spacirg makes it dif-
cult to resolve very ne structures in the index distributi on. The only
options are to either make the domain very small, which leadgo coupling
between defect states or increase the number of points, reking in in-

creased memory comsumption and simulation times. Accuratenodelling,
will in some case rely on accurate description on very ne stuctures. One
example of such a structure is the so-calledobwebstructure shown in Fig.
2.11. This is a highly non-linear bre, with a very high index contrast be-
tween the core and the cladding. The core is suspended in airybnarrow
silica bridges. To determine the e ective index and non-linear proper-
ties of such a bre, it is necessary resolve the very narrow $ica bridges.
The most obvious solution is to make a non-uniform grid, with a small
grid spacing around the ne structures in the core area, and hen a more
coarse grid in the outer cladding regions. This may be achiead using the
nite di erence method, but is not implemented in the curren t model.
The nite element method (FEM) is very well suited for problems like
this, since the non-uniform grid is an inherent part of the model. FEM

methods are being used extensively, also to model wave progation in

PCFs [22].

Many other methods are used, e.g. the multipole method [23]localized
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Figure 2.11: Cobweb PCF. With a design like this it is possible to con ne
the light very tightly to the core region, because the e ectie cladding
index is very low. To model such structures it is necessary wh
a high resolution around the very ne structures, which sugegsts a
numerical method with a non-uniform computational grid.

functions method and many more. These methods have, howevenot
been studied.

2.3 Index Guiding Photonic Crystal Fibres

As mentioned, omitting a single air hole in the bre structur e may be
used to create a core area with a higher refractive index thanin the

cladding. By calculating the allowed mode in such a structue, some of
the fundamental PCF properties are seen. Fig. 2.12 depictsite mode
index as a function of normalized frequency—. The constant core index
and the wavelength dependant cladding index are also shown.As for
COFs, the mode index lies between the core and cladding indexThe
e ective index contrast is large for low frequencies and smk for high

frequencies. For normalized frequencies above 1.7, the leris seen to
support a second order mode.

The waveguiding properties of such bres, do in many ways resmble
that of COFs, and it is possible to estimate several propertes of PCFs
by evaluating the similarities with COFs.
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Figure 2.12: E ective core, cladding and mode indices in a PCF with
a triangular cladding structure. Both the mode indices and he
cladding index is highly wavelength dependant. For= > 1.6 the
bre guides a second order maode.

2.3.1 Step-index bre analogy

The e ective index considerations above, allow the introduction of a step-
index analogy to PCFs. For step-index bres (SIFs) the e ective fre-
quency* is de ned as:

Ve = kaq ng, n3 (2.22)
wherek is the wavenumber,a is the radius of the bre core, and n¢, and
ng are the core and cladding refractive index. For a SIF these rieactive
indices are wavelength independent (neglecting material @persion). A
similar parameter for PCFs may be de ned by replacing n; with the
e ective cladding index, ne described in the beginning of this chapter.
The core radius of a PCF must also be approximated, since no dcrete
boundary between the core and cladding exist. A typical chaie isa =,
but other choices are possible [24, 25].

Fig. 2.13 showV, , calculated for the same parameters as shown in
Fig. 2.2. The e ective frequency of a SIF is also shown for comarison.

Loften referred to as normalized frequency. E ective freque ncy is used to avoid
confusion with the PCF normalized frequency, = .
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Figure 2.13. E ective frequency, V. , of three PCFs as a function of
normalized frequency. PCFs become multi-mode a¥, = 4:2. The
e ective frequency of a SIF is also shown.

A SIF supports multiple modes when the e ective frequency isabove
2.405. Since the e ective frequency is proportional to the fequency, any
SIF design will support multiple modes, for su ciently larg e frequencies.
PCFs support higher order modes when the e ective frequencyis above
4.2 (for a ), as indicated by the dotted part of the curves in Fig.

2.13. However, the e ective frequency is no longer proportnal to the
frequency, due to the wavelength dependant cladding index. For high

frequencies, the e ective claqqding index approaches the ¢e index, and

the numerical aperture (NA), n2, ng therefore approaches 0. As Fig.
2.13 shows, the slope therefore decreases with frequency.can be shown
that for any frequency only a nite number of modes are guided If the
normalized hole size is below approximately 0.45, only a sgie-mode is
guided regardless of the wavelength of the light. This is thecase for
the blue curve on Fig. 2.13, whered = 0:30. Such bres are known as
endlessly single-mode bres [15], which is a concept unique PCFs.

As with COFs the e ective frequency may be used to describe seeral im-
portant properties. The mode- eld diameter (MFD) relative to the pitch,
is only a function of e ective frequency and not hole size or rmalized
frequency [24]. This is also the case for COFs [26].

The wavelength dependant cladding index may be used to desigPCFs
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with both very large index contrasts and very small index corrasts, for
low and high normalized frequencies respectivefy This may be exploited
to make bres with more extreme values of the MFD.

Large mode area bres

For several applications it is desirable to have as large a MB as possi-
ble. Large MFDs results in low light intensities, and thus low non-linear
e ects. Generally, the bres must remain single-mode, whichy means that
if the core size in increased, the NA must be decreased. In ceentional

bres, the NA is created by doping the bre. This sets a lower limit on

the NAs obtainable, due to the limited accuracy in doping lewels.

Using PCF technology, very low NAs may be obtained. If the pitch
is large, compared to the wavelength of the light, the cladding index
approaches the core index, and the NA becomes small. This appach
results in better control of the index contrast levels. In principle the pitch

can be made arbitrarily large. Bend losses will, however, entually limit

the size of the pitch. Single-mode PCFs with mode areas as lge as
600m 2 have been presented [27].

Non-linear bres

Taken to the other extreme, small values of the pitch resultsin index
contrasts signi cantly higher than what can be obtained in COFs. A
high index contrast means that the mode can be very tightly ca ned
to the core area, thus increasing the light intensity at a given power
level. High intensities lead to high non-linear e ects. Conbined with
the superior dispersion tailorability, this makes PCFs an ideal choice for
many non-linear applications, such as super continuum gemation [28].

2Which for a xed wavelength corresponds to small and large va lues of the pitch
respectively, due to the scale invariance of Maxwell's equations.
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2.4 Photonic Bandgap Fibres

The majority of PCFs guide light by MTIR, and these bres do in many
respects resemble COFs. PCFs may also be designed to guidght by
a fundamentally di erent mechanism, known as the PBG e ect. In such
bres the photonic crystal cladding has a photonic bandgap, and they
are often referred to asphotonic bandgap(PBG) bres or PBG guiding

bres. The behaviour of these bres are very di erent from CO Fs.

Photonic bandgaps can be viewed as a optical analogue to eteonic

bandgaps in semiconductor materials [29]. In semiconductacrystals, the
lattice period of the crystal lattice, which is formed by the atomic struc-
ture, has a size in the same order of magnitude as the waveletigof the
electrons. This results in accurate control of the electronbehaviour. In
photonic crystals, periodic structures, with a lattice constant close to the
the wavelength of the light, has similar implications, allowing for con-
trolling the light propagation, by introducing photonic ba ndgaps. Pho-
tonic bandgaps are frequency intervals where electromagtie waves can-
not propagate regardless of propagating direction. This mans that light,

in the forbidden frequency region, incident on the PBG mateiial, will be

re ected. The PBG e ect was rst described independently by John and
Yablonovitch in 1987 [30, 31], when they studied spontaneosl emission
control.

The periodicity of photonic crystals may extend into one, two or three di-
mensions, and are therefore categorised as one-, two-, orre-dimensional
photonic crystals. Fig. 2.14 show schematic examples of shacrystals.
Di erent colors correspond to materials with di erent refr active index.
The one-dimensional case corresponds to the well known Brgggrating,
where wavelengths ful lling the Bragg condition are re ected.

The cladding in a PBG bre is a two-dimensional photonic crystal, with
invariant index pro le in the last dimension. One- and three-dimensional
photonic crystals will not be investigated further in this t hesis. Details
on the properties of photonic crystals may be found in [32].

The PBG e ect may be used to con ne light. This is achieved by in-
troducing a defect into the lattice crystal, thereby changing the mode
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(@& One-dimensional (b) Two-dimensional (c) Three-dimensional
photonic crystal photonic crystal photonic crystal

Figure 2.14: Schematic illustration of one-, two-, and three-dimensioral
photonic crystals. Figure inspiration from [32].

solutions in the area around the defect. Modes which are not llowed

in the cladding structure may now be allowed around the defetregion,

from where it cannot escape, since the mode is not allowed irhe cladding

structure. Alternatively, one can say that all cladding modes have a sig-
ni cantly di erent mode index, which means that coupling fr om the core
mode to the lossy cladding modes are suppressed.

To describe the PBG e ect, the bre in Fig. 2.15 is used as an example.

The cladding consists of air holes arranged in a honeycomb tidéce, and

the core is formed by adding an extra air hole in the centre of he bre.

An air hole size of 4 = 0:25 is used. The properties of the photonic crystal
cladding may be analysed by calculating the allowed modes itthe simple
unit cell as explained in section 2.2.2. The unit cell of the loneycomb
lattice is shown in Fig. 2.15(b).

Using MPB, a large number of modes are calculated for propaden
constants with a xed z-component and in-plane components along the
boundary of the irreducible Brillouin-zone. The resulting band diagram
is shown in Fig. 2.16(a). A photonic bandgap exist around— = 2:09. If
a defect is introduced, as indicated in Fig. 2.15(a), the saltions around
the core are altered. A mode, with a frequency inside the bangap, can
then be found. The electric power density,E D, of the mode is shown
in Fig. 2.16(b). The mode is clearly located around the core egion, even
though the core have a lower refractive index, compared to tke cladding.
The normalized propagation constant, -—, is equal to 3.
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(a) Honeycomb PBG bre. (b) Unit cell of the honeycomb
lattice.

Figure 2.15: Example of a photonic bandgap bre with a honeycomb
photonic crystal cladding (a), and the unit cell for computng the
cladding properties (b).
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(a) Banddiagram. (b) PBG guided mode.

Figure 2.16: Band diagram, (dispersion relation), of an in nite honey-

comb lattice structure, (a). A photonic bandgap centered at- = 2:09
is indicated by the blue region. A mode con ned to the region @und
a lattice defect can be calculated, (b).
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Figure 2.17: Bandgap plot of honeycomb lattice. The boundaries of the
bandgap region is shown as function of the normalized freqoney. A
guided mode can be seen within the bandgap.

The position and size of the bandgap region depends on the vat of the
propagation constant (or equivalently on the frequency or wavelength).
By calculating the allowed cladding modes for a range of proggation
constants, it is possible to see the development of the photac bandgap.
Fig. 2.17 show the property of both the cladding structure ard the guided
mode in the bre structure, as a function of normalized frequency. The
black curve shows the e ective cladding index, which is equialent to the
cladding index calculated for the index guiding structures Below the
e ective cladding index a photonic bandgap opens up when thenormal-
ized frequency reaches about 0.8. The bandgap exist in a wideequency
range, and the e ective index of the bandgap region increasewith wave-
length. As indicated by the red line, a guided mode can be foud in the
bandgap region. The red circle indicates the mode solution ptted in
Fig. 2.16(b). The thin blue line below the primary bandgap is a higher
order bandgap region. Generally, con ned core modes may atsbe found
in such higher order bandgaps, this bandgap is, however, toaarrow.

PBG bres may be used within several areas, such as advancedspersion
applications, sensor applications, tunable lters/attenuators and many
more. However, the area receiving the largest interest is aiguiding PBG
bres.
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Figure 2.18: Bandgaps in a triangular cladding structure with & = 0:94,
Some of the bandgaps extends below the air line.

2.4.1 Air-guiding Photonic Crystal Fibres

Air-guiding bres allow for con nement of light to a hollow ¢ ore. As just
seen in the previous section, the PBG e ect may be used to come light
to a core region, where the index is lower than the e ective irex of the
cladding. To have a con ned mode in a core region, the e ectie index
of the mode must be lower than the e ective index of the core. This
means that to con ne light to a low index core, it is hecessaryto have
a bandgap which extends below the refractive index of the ca region.
Thus to guide light in an air lled core, it is necessary to have a bandgap
extending below a refractive index of 1, referred to as the ailine. This

can only be achieved with PCFs with high air- lling fraction s. At the
same time the cladding structure must be highly regular, to eectively

avoid excessive losses.

Fig. 2.18 show the bandgap in a triangular cladding structure, with < =
0:94, as a function of the normalized frequency. Some of the balyaps
extend well below the air line, and in these areas, it may be pssible to
have guided modes that have the majority of the light locatedin the air
core.

Air-guiding structures have been investigated intensivey. The rst reali-
sation of an air-guiding bre was presented in [33]. This wasslightly
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Figure 2.19: SEM picture an air-guiding PCF with an operating wave-
length around1 m . Picture is courtesy of Crystal Fibre A/S.

before the rst theoretical treatment of these waveguides,which was pre-
sented in [34]. Since then losses have been brought down, atasses as
low as 1.7dB/km have been reported [35]. Results suggest thdosses are
ultimately limited by micro-deformations on the silica/ai r interfaces [36],
but losses could ultimately be lower than the losses in COFssince the
light is primarily located in air, where e ects such as Brill ouin scattering
may be avoided. An example of an air-guiding bre, fabricated at Crystal
Fibre A/S, is shown in Fig. 2.19.

The \tip" of the fundamental bandgap in Fig. 2.18 extends down to an
e ective index of about 0.93. It turns out that the fundament al bandgap,
which is located between the 4th and 5th band, extends belowltte air
line, for a wide range of hole sizes. To further investigate te demands on
the cladding structure, the bandgap properties as a functio of hole size
is investigated. The bandgaps are calculated for a range ofarmalized
hole sizes between 0.75 and 1. In Fig. 2.20, the lowest e et index of
the bandgap, and the normalized frequency at this point, is fown as a
function of the normalized hole size.

As the gure shows, the bandgap extends below the air line fonormalized
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Figure 2.20: Minimum refractive index of the edge of the bandgap, and
the normalized frequency at this point.

hole sizes above 0.76, corresponding to an air- lling fragon of just above
50%. This means that is is not possible to create an air-guidig bre in a

silica/air structure for air- lling fractions below 50%. T o create airguiding
structures at lower air- lling fractions, materials with h igher refractive
index must be used [37]. Higher air- lling fractions also result in a lower

index of the bandgap tip, except for very large holes where th index
rises again. This happens when the amount of silica materiadbecome too
small, resulting in a slightly weaker bandgap. The approxinate operating
frequency is shown on the right axis of the gure. The frequery cannot
be chosen freely, since it must be in the region where the bamp extends
below the air line.

The core of an air-guide is typically made by removing a numbe of the
central silica rods. The choice of core structure has some iplications,
which will be described shortly. The typical core size correponds to
removing the inner 7 rods. The fundamental guided mode caldated in
such a structure is shown in Fig. 2.21.

Several results utilising the special properties of air-giding bres have
been published. In [38] an air-guiding bre is used to compres ultra
short frequency chirped pulses. The hollow core has also beeised as
a particle guide [39]. Also the con nement of light to an air region,
e ectively reduces the light intensity in the silica regions. This allows
for more power in the bre and reduces the non-linear e ects #0]. This
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Figure 2.21: Electric power density of the fundamental mode in an air-

guiding PCF with 4 = 0:97. The light is e ectively con ned the the
air core.

concept will be thoroughly described in chapter 5.

Single-mode / multi-mode behaviour

Photonic bandgap bres may, just like COFs, support higher order modes.
For large air holes and large core sizes, the air-guide striiare may sup-
port a second order mode. The modes must of course be locatedside
the bandgap. The multi-mode behaviour may be illustrated by calcu-
lating the allowed modes within the bandgap for the structure shown in
Fig. 2.21. The guided modes within the bandgap region are shen in
Fig. 2.22. The fundamental mode consists of two degenerategbarisation
states. Just below the fundamental mode four polarisation tates form
the second order modes. If the core size or the hole size is deased,
the second order mode may cease being guided. The calculatsgcond
order mode is shown in Fig. 2.23. (a) shows the eld amplitude and it

is seen that the mode resembles the LR from conventional bre optics.

(b) shows the sum of the electric power density of the four seand order
modes. The resulting intensity pro le is donut shaped, with an intensity
dip in the centre of the core.
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Figure 2.22: Bandgap and mode index for a multi-mode air-guiding
bre.
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Figure 2.23: Field distribution of higher order mode in an air-guiding
bre.
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Surface modes

One of the primary limiting mechanisms of air-guiding PCFs is coupling
to surface modes [41{43]. Perturbations in the index structire along the
length of the bre cause coupling from the guided core mode toleaky
cladding modes. Perturbations may be caused by many di erebh me-
chanisms, such as bending, surface roughness, stress or glynaxial vari-
ations from the fabrication. The degree of coupling is detemined by the
magnitude of the perturbations and the di erence in propagation constant
between the considered modes [44].

Surface modes exist on the boundary between the core and théaclding of
typical air-guiding PCFs. The eld in such modes decay exporentially in

both the core and the cladding region [45]. Surface modes a&e due to the
large perturbation when creating the core. This means that e geometry
of the core has a signi cant in uence on the number and localsation of the
surface modes. If surface modes crosses the bandgap regisigni cant

peaks in the loss occurs when the surface modes crosses theecmodes.
Due to avoided crossings the loss peaks are often wide, andetresult is
that the low loss region de ned by the bandgap is divided into smaller
low loss sections separated by loss peaks.

In [46] and [47] design guidelines are given on how to avoid siace modes.
The creation of the core creates a large perturbation of thedttice. Surface
modes may be avoided by carefully choosing a core that does nintersect
silica nodes. The eld intensity in the silica nodes is high, and thus the
perturbation is large. It is this large pertubation that cre ates the surface
modes. In chapter 5, air-guiding PCFs are considered, and th core sizes
chosen ful | this simple criterion.

2.5 Summary of chapter 2

In this chapter a wide range of PCF properties were investigéed. The
fundamental principle of the PCF and the microstructured cladding struc-
ture were presented. Then a brief description of the main theretical tools

3Silica region between three air holes.
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used to model PCFs was given, including a description of the eveloped
structure generation program. The two types of PCFs, index giding
and PBG guiding bres, were presented, and some of the new pa#hili-
ties with this new type of bre was described. Finally specid focus was
made on air-guiding PCFs, where the light is con ned to an air core.
An important loss mechanism of these bres are surface modesnd this
subject was brie y touched upon.






Chapter 3

Rare Earth Doped Fibre
Ampli ers and Lasers

In this chapter optical ampli cation using rare-earth (RE) ions is de-
scribed. First the fundamental principles and properties d optical bre
ampli ers are presented, followed by a discussion on usinghotonic crys-
tal bres (PCFs) as active bres. Finally the development of a numerical
model to simulate the behaviour of PCF-based bre ampliers is pre-
sented.

3.1 Optical Ampli cation

In this section some of the fundamental principles and prop#gies of rare-
earth doped (RED) ampliers and lasers are presented, followed by a
description of bre ampli ers, and double cladding bre amp liers. The
description will not go into much detail. For further insigh t on topics such
as optical ampli er fundamentals, material properties and applications
that are common to traditional bre ampli ers, the reader is referred to
some of the comprehensive textbooks written on the subjectd, 48,49].
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3.1.1 Concepts of Optical Ampli cation with Rare-Earth-
lons

It is practical to use a speci c active ion as an example in thedescription
of the fundamental processes and the ampli er models. In thefollowing
erbium is used, since most of the original research has been based this
ion, because of emission in the important 3rd telecommunid@on window.

The fundamental processes involved in optical ampli cation in RED am-
pli ers are in principle rather simple. However, the choice of parameters
such as RE material, concentration levels and co-dopants iguite complex,
since one parameter may in uence several of the ampli er cheacteristics.
Here a short description is given on the fundamental process and how
the choice of host, RE and co-dopant materials relates to amiper per-

formance. Knowledge of these topics is essential for the umdstanding of
ampli er modelling and some of the di erences between ampliers based
on conventional bres and PCFs.

Fundamental processes

Stimulated emission is the foundation of optical ampli cation. Population
inversion is achieved optically through the absorption of pump photons.
The number of energy levels involved in the ampli cation process depends
on the active RE ion and on signal and pump wavelengths. Hereraer-
bium doped silica ampli er pumped at 980 nm is used as an examig;
the energy level diagram for this system is shown in Fig. 3.1.Pump
photons lift the erbium ions from the ground state #1 15—, to the interme-
diate state #l1;-, from which the ions drop down to the metastable state
41 13-, through fast non-radiative processes. When left in the metatable
state, the ion can either participate in the ampli cation pr ocess through
stimulated emission or drop down to the ground level again tlmough spon-
taneous emission. The likelihood of having either an absormon or stimu-
lated emission process is related to the wavelength of the gitons involved
in the process through the transition absorption/emission cross section
spectra. Knowledge of these spectra is necessary for pretian of ampli-
er characteristics with the models described in the end of his chapter.
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Figure 3.1: Energy level diagram for EF* in silica. Arrows indicate
transitions of interest to ampli er applications. Arrows p ointing down
indicate radiative emission, arrows pointing up indicate &sorption.
The numbers next to the transition arrows show the wavelenigtof a
photon, with the corresponding energy. Black oblique arrosvindicate
fast non-radiative phonon transitions.

The procedures used for deriving these spectra have been Wwelescribed
in standard textbooks on the subject, e.g., [48].

Detrimental processes

Processes other than the ones involved directly in the amplcation may

occur and may cause decreased gain, changed gain saturaticharacter-
istics and may in some cases contribute to enhanced ampli enoise. The
existence and the signi cance of the detrimental processedepend on the
speci ¢ active RE ions, the host material and the co-dopants The detri-

mental processes can be divided into three categoriegmpli ed sponta-
neous emission(ASE), excited state absorption(ESA), and co-operative
energy transfer.

Spontaneously emitted photons are a source of noise in the gutier.
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Even though only a fraction of the spontaneously emitted phaons are
guided by the bre, upon their propagation they will stimula te emission
from other ions and the result is ampli cation of the spontaneously emit-
ted photons. ASE occurs both in the forward and the backward drection
of the bre and a ects ampli er gain, gain saturation charac teristics as
well as the ampli er noise gure.

ESA is a process that involves absorption of either a signal oa pump
photon by an ion already in the exited state. The ion is lifted to an even
higher state and will through non-radiative decays and/or uorescence re-
turn to either the metastable state or the ground level and a ump photon
is lost. Using again anerbium doped bre amplier (EDFA) pumped at
980 nm as an example, pump ESA at this wavelength can occur fra
the upper pump level 4l ;;-, to level *F,-,. Non-radiative processes and
uorescence bring the ion back to the ground level again. Beause the
ion lifetime in level 411, is rather short, ESA, at this particular pump
wavelength, only reveals itself in strongly pumped ampli ers [3]. The sig-
ni cance of ESA in various bands can be investigated by compang the
ground state absorption(GSA) and ESA transition cross section ratio.
Co-dopants and the choice of host material a ect the ratio.

Co-operative energy transfer can occur between two neighlusing active
ions in the host material and various co-operative processedepending
on the particular materials involved can occur. In EDFAs, the e ect can
reduce the population inversion when an ion in the exited stée donates
its energy to a neighbouring ion also in the exited state. As aresult the
acceptor ion is lifted to an even higher energy levefl o_;, from which
it decays to the metastable level®l 13-, through non-radiative processes.
Co-operative energy transfer is considered to be respongéfor the con-
centration quenching e ect found in Er-doped ampli ers particularly for
high doping concentrations [50]. Co-doping with aluminium has been
found to cause a more even distribution of the RE ions in the het mate-
rial and, hence, alleviates concentration quenching e ec associated with
ion clustering.
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Spectral broadening e ects

RED ampli ers are characterised by several dierent broadening me-
chanisms such as lifetime broadening, phonon broadening,taak split

broadening and inhomogeneous broadening. The rst two brodening
e ects are well known from other lasers with phonon broadenng similar
to Doppler broadening and both are so-called homogeneous dadening
e ects. The energy levels for the active RE ions are split up nto several
sub levels caused by the external eld from the glass host. Tls splitting

is know as stark splitting and causes (in principle) inhomogneous broad-
ening of the ampli er. However, the stark split broadening can be treated
as homogeneous as thermalization keeps sub level populatie relative to

the manifold population constant due to the small energy gap between
the sub levels [48]. Finally, site-to-site variations in the external eld

from the glass host cause further inhomogeneous broadening

Active ions and host materials

EDFAs have received much attention due to their capability to amplify
signals in the important third communication window, but several of the
other RE elements have also been investigated, and it is podde to obtain
ampli cation in both the visible and the infrared part of the spectrum,
depending on the choice of RE ions.

Ytterbium is today attracting attention due to several impo rtant charac-

teristics such as broad gain bandwidth and high e ciency, due to a low
quantum defect. The low quantum defect means that less poweis lost as
heat, compared to e.g. erbium based systems, which are typdly pumped

at 980nm and emits at 1550m. The broad bandwidth makes ytterfium

bres attractive candidates as gain medium in ultrashort pulse lasers and,
for example, applications within metrology. Gain bandwidths up to 118
nm have been reported [51], power records are constantly bken, and
output powers surpassing the kilowatt limit has been showed52].

Materials such as ytterbium sensitised praseodymium (outpit at 635
nm) [53] and ytterbium sensitised thulium (output at 482 nm) [54] have
been used to make so-called up-conversion bre lasers thatngts in the
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visible part of the spectrum. These lasers are special sindbey emit light
at wavelengths shorter than the wavelength at which they arepumped.
This is achieved by using two or more pump photons to pump the a-
tive ions to the upper laser level through one or more intermdiate lev-
els. Commercial systems are already available and may provi® be fu-
ture competitors to e.g. frequency doubled solid state lass. Finally,
praseodymium and neodymium-doped ampli ers have been inv&igated
in an attempt to develop ampli ers for ampli cation in the im portant
second communication window (at 131 m), but so far only moderate
gains have been obtained with these ampli ers [49].

3.1.2 Fibre Lasers and Ampli ers

Fibre based ampli ers and lasers posses several desirableatures com-
pared to devices based on other technologies, such as senmdactor ma-
terials. Some of the favourable properties of RED bre ampliers and
lasers based on ytterbium or erbium are:

Excellent beam quality, with M 2 values very close to 1 even for high
output powers.

Easy e cient integration to bre based optical systems.

Excellent thermal properties, due to very large surface to wlume
ratios.

High gain values.
Broad gain bandwidths.
High output powers.
Wide range of pumping wavelengths can be used.
Output can be tuned in a broad spectrum.
All these factors show why RED bre ampli ers are an invaluable com-

ponent. Improving the performance of such devices, by usin@CFs could
have a major impact on many areas.
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3.1.3 Double Cladding Fibre Structures

One very active research area is high power bre lasers. Higpower lasers
are used within numerous applications such as micro machinig, welding,
surgery, marking, and many more. High power laser systems ar often
large bulky equipment, and not based on optical bres, becage bre
systems have not been able to deliver the power levels needed

The primary limitation in bre lasers were previously the coupling of
pump power to the core of the bre. To e ciently couple to the ¢ ore of the
bre, transverse single-mode sources are needed, making ¢hequipment
expensive, di cult to handle, and only relative low powers are available.
On the other hand, laser diodes generating many watts of powe oper-
ating at 915 nm and 980 nm, which makes them interesting for pmping
bre ampli ers and lasers, are commercially available. Unfortunately,
they typically have poor spatial coherence and cannot be cauled e -

ciently into single-mode bres.

Double cladding bres were developed to solve this problem35]. A double
cladding bre consists of a doped single-mode core surrouredl by the
inner cladding, and the signal propagates in the doped coreThe inner
cladding is surrounded by the outer cladding and supports a ralti-mode
pump eld. A schematic of a double cladding bre is shown in Fig.
3.2. The outer core is typically made of a low index polymer méerial,

resulting in a very high numerical aperture (NA) to the inner cladding.

This principle enables the use of low-cost high-power multmode diode
laser arrays, which can be coupled e ciently into the inner cladding due
to the high NA and large diameter. Consequently, cladding pumping
schemes can reduce the pump count as well as the complexity dhe
pumping arrangement, due to lower demands on the alignment.

Compared to standard bre lasers and ampli ers, cladding-pumped bres
need to be signi cantly longer [56]. This is due to the small ©re area
compared to the inner cladding area. The pump light is gradudly ab-

sorbed in the doped core region, but the small overlap resudtin the need
for long bres, to achieve e cient pump absorption. This mea ns that it

is important to optimize the overlap between the pump modes ad the
active core region. Previous results have shown that a cirdar symme-
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Figure 3.2: Schematic of a double cladding optical bre. The bre has
three regions, a core with indexni, an inner cladding with a smaller
refractive index n,, and an outer cladding with an even lower refrac-
tive index ns.

try in the bre results in several modes with very low overlap with the
core region. The typical solution is to break the circular synmetry, ei-
ther in a controlled fashion, or simply by disrupting the shape randomly.
One approach is to make the inner cladding much larger in one idection,
and then only slightly larger than the core in the other direction, since
this also matches the output beam pro le of broad stripe lase diodes.
Several results have been published on the e ects of changinin shape,
but the only common conclusion found in literature, is that the circular
symmetric cladding is very ine cient [57{59].

Double cladding bres have resulted in numerous results, wth ever in-

creasing output powers. From 110W in 1999 [60], 500 Watts [g1 810
Watts [62] to 1.3 kilowatt [52].

3.2 Active Photonic Crystal Fibres

In this section the use of PCFs as active bres or bre lasers § dis-
cussed. When introducing a new technology a key issue is to amacterise
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the di erences between the new and the existing technology.Focus will

therefore be on the advantages and disadvantages of PCF amigrs and

the novel possibilities which arise. RED PCFs is an active reearch area.
The rst results were presented in 1999 [63], and since then @ny results
have been published [64{69], with a focus on double claddindpres, where
PCFs shows great promise.

3.2.1 Fabrication of Active Photonic Crystal Fibres

The use of PCFs as RED bre ampli ers, creates some new possilities,
due to the way PCFs are manufactured.

Materials

When using PCFs as active bres, it is necessary to apply the ame
considerations as for conventional bres. As PCFs are mosit fabricated
in SiO, just as conventional bres, the choices of dopants and co-dgants
and, hence, wavelength regimes are the same. Therefore, asstribed in
the previous section, the two choices of erbium and/or yttebium are the
most interesting doping materials. The majority of published results on
active PCFs have been based on erbium and/or ytterbium, and he rest
of this chapter will also focus on these materials. Other magrials could
be very interesting, especially when considering alternave host materials
such as polymer or soft glasses. However, this will not be caidered here.

Co-dopants

As described previously, co-doping of RED ampli ers can aléviate certain

detrimental e ects and a ect emission/absorption transit ion cross section
spectra. Certain co-dopants also raise the refractive inde of the glass
host, and they have, in bre ampli ers based on traditional bres, been
used to control the guiding properties of the ampli er. However for PCF

ampli ers the raised index caused by co-dopants is often undsirable as
the guiding properties of the bre may be dominated by the raised index
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rather than by the microstructure. This will be described in the next
section waveguiding properties of PCF ampli ers.

Manufacturing

PCFs are typically manufactured by manually stacking silica rods and
tubes into a preform, and then drawing the preform to a bre [9]. The in-
dividual silica rods and tubes are manufactured using the sae techniques
as for standard bre preforms [70], such asmodi ed chemical-vapour de-
position (MCVD), outside-vapour deposition(OVD), or vapour-axial de-
position (VAD) and, as a result, the same options and limitations are
valid. This means that several important properties, such @& maximum
dopant concentration, refractive index regimes, and e ecs of co-doping
are the same for PCFs compared to conventional bres.

After the deposition process, all the preform fabrication techniques men-
tioned above require collapsing or sintering of the centralpart of the
preform after the material depositions. This means that the bres are
exposed to high temperatures at three separate stages durgnfabrication:
the vapour deposition, the sintering stage, and the bre draving stage.
During these stages all of the added dopants di use in the glas material.
As a consequence, sharp index contrast edges may be softenadd | in
RED bres | some clustering of the RE materials may arise. The major-
ity of the di usion happens during the preform fabrication, because the
preform is heated for an extended period of time compared tolie bre
drawing process, where the bre is only heated for a very shdrtime.
Usually the e ects of RE ion clustering in bre ampli ers are negligible.
Clustering e ects are caused by high doping concentrationsand it is easy
to simply lower the doping concentrations in a bre ampli er , since it only
results in the need for a longer bre. Clustering is therefole primarily an
issue in planar optical waveguides where the doping concerdtions are
much higher, and in bre lasers where the cavity length is an mportant
parameter.

Since the preform fabrication as well as the bre drawing pracesses are
similar for PCFs and conventional bres, it may seem as if thae are no
di erences in which RE doping distributions may be obtained, but this is
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Undoped silica rod or tu

Doped centre part of col

Figure 3.3: Schematic example of tight con nement of rare-earth-ions m
bre core. The centre silica rod has been replaced by a stackf gre-
drawn rods, where only one of the rods is doped.

not the case. PCFs are just as sensitive to RE ions clusteringout because
the PCF preforms are stacked between the sintering and the lve drawing
processing, it is possible to overcome some of the other litaitions.

If the RE ions are con ned tightly (while still avoiding clus tering) to

areas with high pump and signal intensities, it is possible ¢ increase
the e ciency of the ampli er/laser as will be described in ch apter 4. In

conventional bres this is a di cult task since the ions will di use during

the sintering process, but this may be avoided in PCFs by makig a
single preform with uniform doping. This rod is then stacked with pure

silica rods and drawn to an intermediate stage. The resultig glass rod
with a doped centre region is then used as the core in a standdrPCF

con guration. Such a bre is illustrated in Fig. 3.3.

With such a super microstructured core, it is also possible ¢ fabricate
bres with very accurately controlled low doping levels. The average
doping level of the core is lowered by only making a fraction bthe core
rods doped. Since there will always be a small absolute undginty on
the doping level of a particular rod, the doping level is moreaccurately
controlled by, e.g., doping 1/10 of the area with a high concatration of
RE ions compared to doping the complete area with a low conceration.
This principle has been demonstrated in [67].

Optical systems are becoming more advanced, and this factoincreases
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the demands on the components. Controlling the doping leve accu-
rately is therefore becoming more and more important. Fibreampli ers

are used to amplify signals in a broad spectral range, and thgain needs
to be constant for all wavelengths, i.e. a at gain curve, or to be accu-
rately controlled in some other con guration. This may be obtained by

using several technigues, such as complex pumping schemegith sev-
eral pumps at di erent wavelengths, or | more commonly | by us ing a
gain attening lIter which introduces a wavelength dependent loss that

equalises the power in each wavelength.

Such a passive lIter will only equalise one specic gain specum. It is
therefore important to be able to reproduce fabrication phases accurately
to maka a bre ampli er with the required properties.

3.2.2 Waveguiding Properties of Active Photonic Crystal
Fibres

A primary advantage of PCFs is the novel waveguiding propertes which
arise due to several important properties of this technolog:

Increased geometric tailorability

Higher index contrasts available

Wavelength dependent cladding refractive index

Extreme dispersion properties

Possibility of photonic bandgap guidance

These are also the properties which yield new possibilitiefor active bres:

The wavelength dependent cladding refractive index of PCFsallows de-
sign of bres with both very large and very small cores, as desribed in
numerous publications [9]. Small cores make it possible to ekign very
e cient low-power ampli ers/lasers, while large cores make it feasible
to design high-powerlarge-mode area(LMA) ampli ers/lasers with very
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Figure 3.4: Bandgap guiding PCFs may be used to reduce the amount of
ASE in an active bre. A bandgap is needed at both the pump and
signal wavelengths. The narrow bandgap around the signal Wieduce
the amount of ASE by narrowing the acceptance angle and acinas
a spectral lter.

high damage thresholds. The dispersion properties also imease the pos-
sibilities of ne tuning the overlap between the pump mode, the signal
mode, and the RE doped regions.

Photonic bandgap guiding bres may also open up whole new aras within

active bres. Photonic bandgaps may be used to limit the bandvidth of

the ASE, thereby decreasing the power lost to noise. For a comntional

single cladding bre, it will be necessary to design a bre with a bandgap
both at the signal and the pump wavelength. If the signal is supsequently
located in a relatively narrow bandgap, any part of the spontaneous emis-
sion with a wavelength outside the bandgap will not be guidedand, con-
sequently, will not be amplied. The angle of acceptance mayalso be
reduced for wavelengths in the bandgap. The principle is ilistrated in

Fig. 3.4, where the pump is located in the rst bandgap and thesignal is

located in the second bandgap. A signi cant part of the ASE spectrum

is located outside the bandgap and will therefore not be guidd.
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Air-guiding bres [33] may be also be used to fabricate novellasers or
ampli ers. This subject will be thoroughly described in chapter 5.

The fundamental waveguiding properties of an undoped PCF igyoverned
by the position and the size of the air holes, and this gives PEs some
unique properties. Doping with RE ions changes the refractie index
pro le and therefore also the waveguiding properties. Theefore, a raised
index caused by co-dopants added for other reasons, e.g. eéliating con-
centration quenching, must be considered in the design praass of a PCF
ampli er. The issue has been addressed by several authors 8], and
guidelines have been presented in [66] through two limitingconditions.

The rst condition ensures single-mode guidance by imposig a limit on

the allowable normalized frequency de ned as in [15]:

2 2 A >

where is the core radius, ng is the e ective cladding index and n
is the index increase caused by addition of dopants in the ce. The
e ective refractive index in the cladding can be establishel using the
methods rst described in [71], where the cladding index is alculated as
the fundamental space lling mode of the perfect cladding stucture. The
second condition ensures that the guiding properties are doinated by
the microstructure and not by the raised index:
n < Nica NG

3.2
Nsilica (32)

One method to ensure this is to add an index lowering co-dopdnin the
core region. As an example, uorine was added in the ampli erpresented
in [68].

This means that accurate control of the doping levels is vitd to keep the
PCF advantage of improved tailorabilty

3.2.3 Active Double Cladding Photonic Crystal Fibres

As described in chapter 3.1.3, double cladding bres have mde it possible
to design bre lasers and ampli ers with very high output pow er. Using
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Figure 3.5: Design of a double cladding PCF, for cladding pumped appli-
cations. The outer ring of large holes creates a very large NAenabling
coupling of high power to the inner cladding pump modes. Thegnal
propagates as the fundamental mode in centre defect, whick doped
with RE-ions.

PCFs as double cladding bres, the improved design exibility may be
used to improve the performance of cladding pumped systems.

The core and the inner cladding of a microstructured bre ampli er is

constructed as a traditional single-mode bre with a geomety of air holes
and a defect in the core region. The inner cladding is surrouded by the
outer cladding which have a high air lling fraction, and hence, a low
e ective index. A schematic of a double cladding PCF is shownin Fig.

3.5.

A bre design, very close to the one presented in Fig. 3.5 was yblished
in [72]. This design resulted in a bre laser with a low threshold and high
e ciency. Another example of a cladding pumped PCF was presated by
Limpert et al. in [68] and is shown in Fig. 3.6. The gure clearly shows
how the large air holes in the outer cladding, indicating the very high
NA.
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Figure 3.6: Example of a double cladding PCF laser. Reproduced from
[68] with kind permission from Optics Express and Jens Limpd.

Pump absorption

In a traditional double cladding bre with a circular inner/ outer cladding

interface, only a certain fraction of the modes supported bythe inner

cladding interact with the doped core. As a result, a fraction of the pump

power will exist in a gallery of modes that never interact with the core,
thereby causing poor pumping e ciency. This has been compesated for
using di erent shapes of the inner/outer core interface wheeby a larger
fraction of the modes have good overlap with the doped core ez, e.g., [73].
In the case of double cladding PCFs, the problem has not beertwdied as
intensively, since the solutions from conventional doublecladding bres

could be adapted. As mentioned in [67] the core position is esdly o set

relative to the inner cladding, thereby increasing the pump absorption.

Very e cient PCF-based lasers have been presented, and slope ciencies

of e.g. 78% was reported in [68].

The main advantages with using PCF-based double clad struaires are:













































































































































































































































