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A bstract

This thesis reports the design, fabrication and characterisation of the first pho
tonic bandgap fibre (PBGF) to be formed from two solid m aterials (two different 
glasses). It also reports the characterisation of a bandgap fibre with a hollow 
core, and the use of this fibre for delivery of high-power u ltrashort optical pulses. 
Finally, a novel feature of soliton propagation in solid-core photonic crystal fibres 
is reported and explained.

The first all-solid PBG F was fabricated and characterised. The transm itted spec
trum  shows several low-attenuation windows, which stand  out from the back
ground by more than  30dB. The measured dispersion has shown anomalous region 
in the transm ission bands despite the huge normal dispersion from the material. 
The bandgap formation in all solid PBG Fs is a ttribu ted  to antiresonances of the 
high-index strands in the cladding.

A hollow-core photonic bandgap fibre designed for use in the 850nm wavelength 
region is characterised. The fibre has a minimum attenuation of 180dB/km at 
847nm wavelength. The low-loss mode has a quasi-Gaussian intensity profile. 
The group-velocity dispersion of this mode passes through zero around 830nm, 
and is anomalous for longer wavelengths. The slight departure from perfection 
in the fibre fabrication leads to  a splitting of the polarisation modes, and the 
polarisation beat length is measured to vary from 4mm to 13mm across the band 
gap. Comparing the operation of both  solid-core and hollow-core bandgap fibres 
sheds light on the operation of the hollow-core variety.

Femtosecond solitons a t 800nm wavelength were transm itted  over 5m of hollow- 
core PBGF. At the soliton formation energy, the output pulses had a length 
of less than  300fs and an output pulse energy of around 65nJ. The Raman- 
shifted solitons, which were almost bandwidth-lim ited, had a constant bandw idth 
of 3nm which is limited by the Ram an spectrum  of the gas inside the fibre. 
Numerical modelling shows th a t the nonlinear phase shift is determined by both 
the nonlinearity of air and by the overlap of the guided mode with the glass.

The cancellation of the soliton self-frequency shift in a silica-core photonic crystal 
fibre w ith a negative dispersion slope was dem onstrated. The results show th a t 
stabilization of the soliton wavelength is accompanied by exponential growth of 
Cherenkov radiation em itted by the soliton. The com pensate for the Raman 
frequency shift is a ttribu ted  to the soliton spectral recoil from em itting the red- 
shifted radiation.
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Chapter 1

Introduction

Modern optical fibres were one of the major technological successes of the 20th 
century. After the first low-loss (<  20dB/km ) single-mode fibre in 1970, this 
technology has developed a t an incredible pace. Now optical fibres have been the 
key components of not only our sophisticated global telecommunication network 

but also many non-telecom applications, such as beam delivery for medicine, ma
chining and diagnostics, sensing and a host of other uses. A fter all the progress 
in technology, the basic physics of optical fibres has remained unchanged since 
the 19th century, and the remaining space for the improvement of optical fibre 
performance is very small. The loss of a single-mode fibre, which is as low as 
0.15dB/km in the 1.55/mi wavelength region, is limited mainly by the fundamen
tal process of Rayleigh scattering. Although properties like optical nonlinearity 

and group-velocity dispersion can be influenced to  a limited extent by fibre de
sign, they are largely depending on the m aterial’s properties. It seemed th a t fibre 
optics had reached perfection until the b irth  of photonic crystal fibres.

Since the 1980s, optical physicists have recognized th a t the ability to structure 

m aterials on the scale of the optical wavelength, a fraction of a micrometre or less, 

will allow the development of new optical materials known as photonic crystals [1]. 
Photonic crystals rely on regular morphological m icrostructure incorporated into 

the m aterial to  radically alter its optical properties. W hen fibre optics embraced 
this new idea, a new breed of fibre was born. Such fibres are known as photonic 
crystal fibres (PCFs) [2] [3], as they rely on the unusual properties of photonic 
crystal structures in the cladding to  deliver previously unim aginable performance

1



from an optical fibre waveguide. Depending on the properties of the microstruc

ture in the cladding, the fibres guide light with different mechanisms: modified 

to ta l internal reflection (index-guiding PCFs) or band-gap guidance (photonic 

band-gap fibres(PBGFs)). Over the last few years, PCFs have already demon
strated  some superior performances in several respects, which is leading to-new 

phenom ena and new applications, and they have greatly enriched the concepts of 
fibre optics.

This thesis gives a detailed description of the basic physics and properties of 

the new fibres, especially those guiding light by photonic band-gap guidance. 
C hapter 2 provides an overview of fibre optics, in which I discuss conventional 

fibres and index-guiding PCFs from a comparative point of view. C hapter 3 
reviews some of the im portant progress th a t has been made regarding various 
photonic crystal fibres over the last few years. Chapters 4 to 7 present the 
new work done during the course of my PhD research. C hapter 4 describes the 
fabrication and characterisation of a new type of PCF: all solid PBG F, in which 

the band-gap guidance mechanisms is explained in detail. C hapter 5 describes 
the linear properties of a hollow-core PBGF. C hapter 6 dem onstrates high power 
femtosecond soliton transmission by using a hollow-core PBG F. The origin of the 

nonlinearity and the characteristics of soliton behaviour in hollow-core fibre are 
discussed. C hapter 7 dem onstrates the compensation of the soliton self-frequency 
shift (SSFS) by strong soliton Cherenkov radiation in an index-guiding PC F with 
engineered dispersion profile. Chapter 8 is the summary.
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Chapter 2

Basics of optical fibres

This chapter briefly reviews the field of linear and nonlinear fibre optics. The 
first two sections outline the guidance mechanism, fundam ental param eters and 
optical characteristics of conventional optical fibres and index-guiding photonic 
crystal fibres (PCFs). The th ird  section briefly discusses the nonlinear fibre 
optics. The last section outlines the fabrication processes of conventional fibres.

2.1 Guiding mechanism

Modern optical fibre, born in the 1960s [4], normally consists of a central core 
surrounded by a cladding layer and then protected by a thick jacket. The index 

profile of a optical fibre, described generally by n( x , y )  as shown in Fig.2.1, does 
not change along the fibre axis (z). This translational invariance in the z  direction 

leads to the most im portant conserved quantity in fibre optics, /?, the propagation 

constant. (3 is the z  component of the wavevector nko , where n  is the material 
index and ko is the vacuum wavevector. Therefore (3 is always either equal to or 

smaller than  the absolute value of the wavevector, i.e. (3 < ko. It is convenient 

to define the mode index n mode = (3/ko.

The limited cross section area of an optical fibre makes all the possible values of /3 
discretized. Each allowed (3 corresponds to a possible light distribution in the fibre 

and we call such a distribution a mode. Some modes are propagative in the core

3
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Figure 2.1: Schematic cross-sectional, index profile of a conventional step-index 
optical fibre

and evanescent in the cladding, and these are called core modes or guided modes. 
Core modes usually have low loss because they are isolated from the environment 
by the cladding layer. The others, that are not evanescent in the cladding, are 
called cladding modes, and these modes will experience high loss. Compared 
with the core, the size of the cladding is very big so the propagation constants of 
the cladding modes can be considered as continuous, and they therefore form a 
band. A core mode will inevitably couple into cladding modes if its propagation 
constant falls within a band of cladding modes. Therefore, the most important 
thing in fibre design is to make the desired core modes stand out from the cladding 
modes. There are two possible strategies to realize this, as illustrated in Fig.2.2. 
One is to make the core mode indices higher than the biggest mode index of 
the cladding, which is determined by the material and structure of the cladding. 
Both conventional fibres and index-guiding PCFs fall into this category. Another 
approach is to utilise band-gap effects, i.e. to divide the cladding modes into 
different bands and put core modes in the gap between the cladding mode bands. 
Photonic bandgap fibres belong to this latter category.
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Figure 2.2: Two ways of making the desired core mode indices stand out from 
the cladding mode indices

2.1.1 Guidance mechanism of conventional fibre

In conventional fibre, the maximum cladding mode index is bounded above by 
the cladding material index, which must be lower than the core material index 
(Fig.2.3(a)). Under such conditions, there is at least one mode whose mode index 
is bigger than the material index of the cladding [5].

2.1.2 Guidance mechanism of index-guiding PC Fs

In index-guiding PCFs, the maximum cladding mode index is reduced not by 
using different materials but having microstructure, usually air holes, in the 
cladding. The reduced cladding mode index is somewhere between the bulk 
material indices of silica and air, while the core area, normally formed by omit
ting one air hole in the centre, could support modes with mode indices higher 
than that of the cladding. A comparison of typical material index profile of a 
conventional fibre and an index-guiding PCF is shown in Fig.2.3. There is at 
least one core mode in both cases.

core modes 
. /

cladding
modes

ndex-guiding bandgap-guiding
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Core
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Figure 2.3: Comparison between (A) a conventional fibre and (B) an index- 
guiding PCF.

2.1.3 Single m ode operation

The number of modes supported by the core is determined by several factors, 
including the index step between the core and the cladding, the size of the core 
and the wavelength. One can define a normalized parameter, called the V  pa
rameter, as a measure of the ‘mode capacity’ in a fibre. For a step index fibre, 
the V  parameter is defined as [5]:

v  =  (2 1 )

where a is radius of the core, ncore and nciad are the material index of the core 
and cladding respectively, and A is is the free-space wavelength.

For index-guiding PCFs, the definition is quite similar [6]:

v  =  • « - ” “/ /  (2-2)

where the effective index of the cladding nef f  , i.e. the maximum mode index of 
the cladding, is used instead of nciad and the pitch A is used instead of radius of
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the core whose boundary is not well defined in index-guiding PCFs. The bigger 
the V value, the more guided modes the fibre has. There is a critical value Vc for 
single mode operation. When V < Vc, the fibre will have only one core mode, in 
which case we call it a single mode fibre. For step index fibre Vc = 2.405, and for 
index-guiding PCFs Vc = 4.1 [7].

d /A  increases

Wavelength

Figure 2.4: The V  parameter is a function of wavelength. The dashed curve is for 
the conventional step index fibre. The solid curves are for index-guiding PCFs 
with different d/A.  The V  parameter increases as d/A  increases.

Although Eq.2.1 and 2.2 have similar forms, the behaviour of the V  parameter 
as a function of wavelength is quite different, which is shown in Fig.2.4. For 
step index fibre (the dashed curve in Fig.2.4), V  is inversely proportional to 
wavelength. So for any single mode step index fibre, there is always a cut-off 
wavelength Ac, below which the fibre will be multimode. However, for index- 
guiding PCFs, nef f  is strongly dependent on wavelength. In the long wavelength 
limit, nef f  approaches the average material index of the cladding structure and
V  descends to zero. In the short wavelength limit, light tends to avoid the hole 
areas and ne/ /  approaches to the material index of the glass, which is normally 
close to ricore. More detailed analysis [6] [8] shows that V  tends to a limiting value 
as the wavelength gets progressively shorter, which means there is a maximum
V  value. By proper design, for example by making d/A  < 0.45 in the silica-air 
structure [6], we can make the maximum V  value smaller than the critical value 
Vc and the fibre will then become “endlessly single mode”. In the remainder of 
this thesis we will focus on single mode fibre or fibre with only few modes and 
discuss mainly the properties of the fundamental mode.
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2.2 Linear properties o f optical fibres

2.2.1 Losses

There are two main loss mechanisms in conventional optical fibres: absorption 
and radiation. The absorption losses are due to the interaction of the light with 
the material when propagating in the glass. The infrared absorption bands of 
silica and OH~ ions in the glass are the main contributors. Radiation losses 
are due to light in the guided mode coupling to the cladding (usually caused by 
perturbations such as micro and macro bending or discontinuities in the fibre 
structure). The biggest radiation loss contribution comes from Rayleigh scatter
ing. This is an intrinsic problem of the fibre fabrication process, during which 
the fibre preform is heated over 2000°C in the furnace. At the drawing temper
ature, silica is a liquid with lower viscosity, and has thermally excited density 
fluctuations. These density fluctuations are frozen into the fibre as it cools down. 
When working in the telecommunication window (around 1.55/mi), the loss due 
to Rayleigh scattering in silica is 0.15dB/km and therefore, nowadays, accounts 
for the total loss of conventional optical fibre at that wavelength.

iQ5 ,
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E
-X .

T3 2nd overtone (0.95 pm) O-H Absorption
c
o

3rd overtone (0.72 pm)
ro
13
C

i3< Clarity limit? >

Rayleigh ScatteringIR absorbtionUV absorbtion

id"
0.6 1.0

W avelength (pm )

Figure 2.5: A schematic diagram showing various sources of loss in optical fibre.

There is a third type of loss — the confinement loss. Confinement loss in index- 
guiding PCFs arises mainly from the fact of not having an infinite structured 
cladding with effective index lower than the material index of the core. Unlike 
the case of conventional fibre where the core has the highest material index in



the whole structure, in most PCFs the jacketing m aterial is pure silica or some 
other lower grade glass whose material index is not lower than  th a t of the core. 
This means th a t in the jacketing layer there must be some modes whose mode 

indices are the same as or very close to the core mode index and the core mode 

can couple to these modes via the evanescent fields th a t exist in the cladding 

structure. Such coupling is the origin of the confinement loss. By making the 

cladding thicker to increase the physical displacement between the core and the 
jacket layer or increasing the air filing fraction to  reduce the evanescent field in 
the cladding, we can reduce the confinement loss to the extent th a t it is much 
smaller than  th a t due to  the other loss mechanisms.

2.2.2 G eom etric sym m etry and Birefringence

The geometric symmetry of the index profile of the fibre causes some mode de
generacy, i.e. different field configurations share the same propagation constant j3 

and any linear combination of these modes is still a possible mode with the same 
f3. For example, the fundamental mode of a circularly symmetric fibre, such as 
conventional step-index fibre, consists of a pair of linearly polarized degenerate 
modes which have identical field intensity distributions bu t perpendicular po
larizations. It means th a t the fundamental mode of such a fibre could be any 
polarization, which can be seen as a certain linear combination of the two linearly 
polarized degenerate modes.

A typical index-guiding PCF, as shown in Fig.2.3(b), has 6 -fold rotational sym
metry. However such reduced rotational symmetry does not separate the two 

linear polarized degenerate fundamental modes [9]. From Fig.2 . 6  we can see tha t 
the rotation operations give us three degenerate linearly polarized modes and by 

combining two of them  we can compose another degenerate linearly polarized 

mode which is perpendicular to  the th ird  one. In fact, any index profile with 
rotational sym m etry greater than 2 -fold will have degenerate linearly polarized 

modes.

In reality, the index profiles of fibres are not perfectly symmetrical and any de

viation from perfect symmetry will cause coupling between degenerate modes. 
For conventional fibre, very small imperfections are distributed along the fibre 
in a random way, so the polarization at the output will be random no m atter

9
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Figure 2.6: Polarisation degeneracy induced by rotational symmetry in PCFs

what the input is. For photonic crystal fibres, the structural imperfections are a 
result of the stack-and-draw process and are instead fixed along the fibre length. 
Such uniform asymmetry gives the fibre some birefringence, which means that 
the fundamental mode splits into two polarized modes along the two orthogo
nal axes (normally denoted as x, y ) and they have slightly different propagation 
constants /3X and f3y. That is the reason why all PCFs have a certain level of 
birefringence. Input light with polarization other than x  or y is no longer a mode 
of the fibre and its polarization state changes continuously along the fibre in a 
periodic manner with period equal to :

L ° = w h \ ( 2 ' 3 )

The polarization beat length, L b , is a measure of the birefringence. Fibre with 
short L b , corresponding to strong birefringence, is called polarization maintaining 
fibre (PMF) or highly birefringent (HiBi) fibre. Very high birefringence can be ob
tained in index-guiding PCF by suitably designing the microstructured cladding.
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2.2.3 D ispersion

The propagation constant j3 is a function of uj, known as the  dispersion relation.

of nonlinear processes in fibres. For a monochromatic wave propagating in an

The phase can be w ritten as e%̂ z~ut  ̂ and the phase change propagates with 

speed u / (3. However, the absolute phase has little physical meaning because it 

cannot be measured. The im portant thing is the phase difference. For example, 

considering two equal am plitude monochromatic waves with different frequencies 
u)\ and uj2 propagating in the same direction in a fibre, there will be intensity 

modulation because of the interference between the two waves. The intensity 

modulation has the form of cos(A(3z — A u t )  and it propagates at a speed of 

A u / A f t ,  where A u  = Ui — lj2 and A(3 = — (32. In reality optical signals,

usually pulses, are often composed of a group of frequencies very close to  each 

other around a central frequency ljq and travel a t a speed of , called the
group velocity. If the group velocity did not change with frequency, optical signals 
would travel along the fibre w ithout distortion. However, the group velocity does 
change with wavelength. By expanding the propagation constant (3 in a Taylor 
series about the central frequency <jJq, we can write a m athem atical expression of 

the dispersion:

Here it is clear th a t pi  is inversely proportional to  the group velocity vg and 
P2, called the group velocity dispersion (GVD), is related to  the group velocity 
change with frequency. Likewise, fo,  Pi, etc. reflect higher-order GVD and we 
call them  3rd-order dispersion, 4th-order dispersion and so on. In practice, it is

Dispersion plays a critical role in the propagation of short pulses and all kinds

optical fibre, only the phase changes along the fibre and the intensity is constant.

(3(u) =  n(cj)uj/c — (3o +  (3\(u — o>o) +  ^P2^  — ^°)2 +  '' ’ (2-4)

where
(2.5)

and among them:

(2.6)

(2.7)
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more convenient to use the parameter D  =  to describe the dispersion as a 
function of wavelength. D  usually has units of ps/nm /km , and is related to /? 2 

by:

=  (2-8>

Dispersion in single mode fibre has contributions from mainly two sources. One is 
the dispersion caused by the bulk materials of core and cladding (called material 
dispersion), and the other is the dispersion induced by the slight change in the 
confinement of light in the core as the wavelength changes (called waveguide or 
geometric dispersion).

As the material dispersion is rather fixed, the easiest way of controlling the dis
persion is through engineering the waveguide dispersion. In conventional fibre 
this is achieved by choosing appropriate core radii and the index step or by intro
ducing other layers around the core. Fig.2.7 shows one such example, a dispersion 
flattened fibre formed by adding a low index layer around the core (known as W  
fibre).

20
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Figure 2.7: A schematic of a dispersion flattened ‘VF-fibre’ and example dispersion 
profiles of standard and dispersion flattened fibres.

2.3 N onlinear properties

The response of any dielectric material to light becomes nonlinear for high in
tensities, and optical fibres are no exception. This chapter is intended to be a

Radial d is ta n c e

S tandard fibre

Dispersion flattened fibre
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brief sum m ary of some of the main concepts in nonlinear fibre optics, which have 

been studied and summarized in detail in 1 Nonlinear Fiber Optics'  by Govind P. 
Agrawal [10].

In the following text, we assume the optical field is linearly polarized and main

tains its polarization along the fibre, which is true in polarization-maintaining 

fibres. Also we assume th a t the optical field is quasi-monochromatic, i.e. the 
spectral w idth A u  (usually related to the pulse length) is much smaller than the 

central frequency co0. This assumption is valid for optical pulses as short as tens 
of femtoseconds.

2.3.1 Origin o f optical nonlinearities in m aterials

The response of a dielectric medium to an applied electric field E (r , t )  can be 

described by the polarization vector P ( r ,  t). If we assume the response is instan
taneous, the polarization vector can be generally expressed as [1 1 ]:

P  = e0 (x (1) • E  +  X(2) : E E  +  X{3):- E E E  +  • • •) (2.9)

where x ^  is the linear susceptibility of the medium and is related to  the refrac

tive index n by n 2 = e — 1 +  x ^ -  The quantity x ^  (j  > 1)> the nonlinear 
susceptibility, is a tensor of rank j  + 1 and has 3j  + 1  complex components. They 

describe the nonlinear-optical properties of the medium. In order to  avoid some 
of the complexities of the polarization vector, in what follows we shall make some 
assumptions and focus on certain m aterial systems.

In silica, x ^  vanishes because of the inversion symmetry of the molecular struc

ture. If we consider only the lowest order nonlinearity, then the response of silica 

to linearly polarized light can be simply w ritten as:

P  = to{xm E  + X(3)E 3) = PL +  PNL (2.10)

where P ^ l — 1S the nonlinear response of the silica to the applied field.

Pnl  is related to  a refractive index change by:

(2 .11)A n  = £nl  
2  n
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where

PNL{r,t) = e0eNLE (r , t )

Under the quasi-monochromatic assumption, a linearly polarized light pulse with 
central frequency ujq can be expressed as:

E(r ,  t) =  U [ £ ( f ,  +  c c j (2.12)

where E ( f , t ) is a slowly varying function of tim e (relative to the optical phase 

elu)ot). If two optical fields with different frequencies and cj2 interact with each 

other via x^3\  we can find th a t P ^ l  not only has the components with frequencies 
uj\ and cj2, bu t also has new frequencies at 2uj\ ±  lj2, 2uj2 ±  uj\, 3ui,  3uj2 . They 
are:

Pn l  =  ^ X (3 )( l ^ i | 2 +  2  +  c.c.) (2.13a)

Pnl  =  ^ X (3 )( |3 * |2 +  2  +  c.c.) (2.13b)

P “nl  —CJ2 =  j X (3)^ i 2^ eit(2/?1" ft)z" (2wi" W2)tl +  c-c-) (2.13c)

Pnl  —UJ1 = j X (3)^ ^ e <[(2ft" ft)z_(a' 2" Ul)i! +  c.c.) (2.13d)

P%2+UJ 2 =  ^ x ^ ) ^ ( E ^ E 2ei[m+02)z~{2uJ1+UJ2)t] +  c.c.) (2.13e)

p2w2+u, = 5£Ox ( 3 ) I ^ 2 E ie i[(2^+/31)Z-(2u;2+a;1)t] +  ^  (2.13f)
4 2

=  ^ x P ) I (£ ^ ei(3A*-3u,,4) +  c c ) (2.13g)

=  +  c-c.) (2.13h)

In fibres, the phase of the field cannot be arbitrary  and has to  satisfy the disper
sion relation (3{u). It is clear th a t the phase of the field P^JL (j  =  1,2) satisfies 

the dispersion relation automatically, while for other new frequency components, 
the dispersion relation is generally not satisfied except in some special cases. For 
example, the phase of P ^ ~ U2 is el[(2P(ui)-p{u)2))z-{2ui-uj2)t] ancj ^ g  dispersion re

lation is satisfied only a t some special points where 2(3{uj\) — /3(u2) =  /3(2u)\ — uj2) 
is true. This condition is called the phase matching condition, which is critical 

to some nonlinear processes.
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2.3.2 P u lse propagation in fibre

Because the field distribution changes little as pulses propagate in a fibre, it is 
useful to separate the mode profile and pulse profile, by w riting the light field in 
the form:

E(r ,  t) = h [ F ( x ,  y)A(z ,  i)e*(A>*-“°‘> +  c.c.] (2.14)

where F'(x,y)  is the field distribution in the cross section of the fibre, A (z , t )  is 

the slowly varying pulse envelope, cj0 is the central frequency and /3o =  /3(^o)- In 
frequency space, Equ.2.14 becomes:

E ( r ,u )  = F (x ,y )A (z ,u j )e ll3oz (2-15)

Here we assume th a t F (x , y )  does not depend on frequency because the change 
of field distribution within a small frequency range is negligible. At a single 

frequency, the z dependence of the electric field is only a phase change, i.e.

dA  = if3(u)E (2.16)

By substituting Equ.2.15 into Equ.2.16 we have:

dA(z,u)
dz

=  -  j3o]A(z, uj) (2.17)

Up to now we have not taken into account any nonlinear effects in the pulse 

propagation equation. Equ.2.11 related P/vl with a small index change An, 
which will change the propagation constant /3 by:

ko f f ° °  A n  [Fix, y)\2 dxdy f  f°°  2

A / 3  =  f f » i J  j  j  = k ° A n \ F ( x , y ) \ 2dxdy  (2.18) 
JJ-oo lF (x >wl dxdy JJ-oo

where we assume F ( x , y ), the field profile, is normalized, i.e.

\F (x ,y )\2 dxdy  =  1

Taking into account the nonlinear contribution, the propagation constant be

comes (3{uj) +  A/3. Then Equ.2.17 becomes:

dAdz ^  =  j [ / ? ( a , )  +  A/3~  / ? o l i ( z ’ a , )  ( 2 - 1 9 )
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It is often easier to express Equ.2.19 in the time domain, because the Fourier 
transform  of A/5 is quite complex. Using the Taylor series of /3(cj) and replacing 

(lj — uJo)m by the differential operator im(dm/ d t m), we get:

d A ( z ,T )  . ^  iTnPm dmA ( z )T) A n A , _  . .
— — A *  ’ = iA /3A (z ,T )  (2.20)

dz  ^  m\ d T m H y v '
m = 2

where a frame of reference moving with the pulse a t the group velocity vg is used 

by making the transformation:

T  = t — z/vg — t — (3\Z (2-21)

In practise, only a limited numbers of dispersion term s are retained and we write 

out A/5 by using Equ.2.13 and Equ.2.18. For example, if we consider a single 

pulse (carrier frequency lu0) in a fibre, Pnl  only contains P%°L and 
can be neglected because the phase-matching condition is generally not satisfied. 

Then we can write A n as:

A n =  A X(3) \E(r , t ) \2 = ^ X (3) \F(x,  y ) A ( z , t ) \2 (2 .2 2 )

Then from Equ.2.18, A/5 is:

A/5 =  \A{z, t) | 2 J J  |F(rr, y) | 4 dxdy =  7 1 A(z ,  t) | 2 (2.23)

where the nonlinear param eter 7  is defined as:

n 2U 0 ^  (3) a 1 f o  o /l ^
1  — A ’ q X 1 ^ e / /  — r r°° 1 771/' \ | 4  7 J (2.24)

cAeff 8 n / / - o o l ^ , ^ ) !  dxdV

If F ( x , y )  is approxim ated by a normalised Gaussian distribution F{x ,y )  =  

^■\J~^e~^x2+y2^ w2 (for single mode fibre w  ~  core radius), then Ae/ /  =  7ru/2 and 
it is called the effective-area. Typically, for conventional fibre A ef f  can vary in 

the range of 20-100/zm2 in the 1.5/zm region. As a result, 7  takes values in the 

range of 1 - 1 0 /W /k m  if we set the n 2 for silica a t about 2.2 x 1 0 - 2 0m2/W  [12].

Using Equ.2.20 and 2.23 and neglecting the fibre dispersion higher than  third- 

order, we will have:

d A  i(32 d2A  (53 d3A  . 2 ( ^
+ = A  (225)
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By solving this equation numerically, we can predict the behaviour of the pulse 
propagating in a fibre under appropriate approximations. In the following text, 

we briefly describe different nonlinear effects and dispersion effects separately.

2.3.3 Group velocity  dispersion (G V D ) effect

W hen (32 is dominant and nonlinearity is negligible, from Equ.2.17, we get:

A(z,  w) = A(  0 , w)ei f t “ 2 j:/2  (2.26)

where ^4(0, 4 (0 , T )e l<JjfdT- Group velocity dispersion is purely a linear
effect, which means there is no coupling between different frequency components. 

Therefore, as the pulse propagate along the fibre, the spectrum  is unchanged,
i.e A ( o, uj)
components wi

A ( z }u) B ut the relative phases between the different frequency 
1 be changed as a result of a difference in group velocity, which 

will deform the pulse shape (in time). W hen (32 > 0, called normal dispersion, low 

frequency components travel faster. W hen j32 < 0, called anomalous dispersion, 
high frequency components travel faster.

The dispersion length, L d = Tfi/ \/32\, is as a measure of the GVD effects on a 

pulse w ith pulse length T0, which is related to the FW HM  by T f w h m  = V^o- V 
is a pulse shape related constant (for Gaussian pulses rj & 1.665, for Hyperbolic- 

Secant pulses 77 ^  1.763). Dispersion effects become im portant when fibre length 

>  L d .

2.3.4 Self-phase m odulation (SPM )

If we neglect GVD effects, from Equ.2.25 we will have:

d A -~  =  i j  \A(z, T ) | 2 A(z ,  T )  (2.27)

We can see th a t as the pulse propagates along the fibre, it only acquires a time re

lated phase and as a result the pulse shape is unchanged, i.e.|^4(0, T)\ = \A(z,  T)|.
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So Equ.2.27 becomes:

^ § p -  =  * 7  |A(0, T)  | 2 A(z,  T )  (2.28)

and its solution is:

A(z,  T)  = >1(0, T )e i<pNL{z'T) (2.29)

where (})n l {z , T ) =  7 1>1(0, T ) | 2 2  is called the nonlinear phase shift. For a given 

length L , the maximum nonlinear phase shift is given by (frmax — jPoL,  where 
P0 = |A(0, T)^max is the peak power. The time dependence of the nonlinear phase 
shift results in a frequency shift 5u  given by:

MT) , ,2.30)

This frequency shift is related to the pulse shape. At the pulse front, |A (0,T)| 
has a positive slope over time, so there is a red shift. One the contrary, there is 
a blue shift a t the pulse tail.

The nonlinear length is defined to be L ^ l =  and it is a measure of the extent 

of the nonlinear effects, which can be neglected when the fibre length < <  L ^ l -

2.3.5 Soliton  effects

From the sections above, we know that: the GVD effects are tim e shifts of dif
ferent frequency components while keeping the spectrum  unchanged; the SPM 
effects are frequency shifts at different times while keeping the pulse shape un
changed. W hen both  GVD and SPM are present in the fibre, which is more 
realistic, the joint effects can result in a stable pulse solution, called an optical 

soliton, whose shape and spectrum  are both unchanged during the propagation.

If we only consider SPM and the lowest order of GVD effects, the pulse propa

gation equation becomes:

dJ L  + ih 9lA  h \A\^A  (2.31)
dz  2  d T  v '

If at 2  =  0, we pu t a pulse into a fibre with anomalous GVD ( $ 2  <  0) and the
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pulse has the form of:

A(0 ,T )  = ^ s e c h { T / T 0) (2.32)

where the param eter P0 (the peak power) and T0(= 1.763TFWHM) are chosen 
such th a t N ,  whose definition is:

is a integer, we find th a t when N  > 2 as the pulse propagates along the fibre, 

both the shape and spectrum  of the pulse will evolve periodically with a period 
of:

7T r 7T Tq

^ 2 L ^ 2 W \  (2 '34)

These periodically evolving pulses are called N th-order solitons. The situation
for TV =  1 (called a fundamental soliton) is exceptionally simple. Nothing, except
for a collective phase, will change as the pulse propagates, i.e.:

A ( z , T )  = y /P^sech(T/T0)exp( i -^— ) = ^ /Posech(T/T0)e x p ( i jP z /2 )  (2.35)
2Ld

2.3.6 S tim ulated  inelastic scattering processes

The nonlinear effects governed by the third-order susceptibility x ^  are elastic 
in the sense th a t no energy is exchanged between the light field and the dielec
tric medium. A second class of nonlinear effects results from stim ulated inelastic 
scattering in which the optical field transfer part of its energy to  the nonlinear 
medium. Two im portant nonlinear effects in optical fibres fall in this category. 

Both of them  are related to vibrational excitation modes of silica. These phenom
ena are known as stim ulated Raman scattering (SRS) and stim ulated Brillouin 

scattering (SBS). The main difference between the two is th a t optical phonons 

participate in SRS while acoustic phonons participate in SBS.

Ram an scattering is a spontaneous effect in which a small fraction of the power 

of an optical field is transferred (via optical phonons, molecular excitations ac

companied by dipole oscillations) to another field whose frequency is red-shifted 

by an am ount determined by the vibrational modes of the medium. The photons 
can be scattered as well to higher frequencies. W hen the scattered photon fre
quency is lower than  the pump frequency, this is referred to  as a Stokes wave, and
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the frequency is blue-shifted it is referred to as an anti-Stokes wave. W hen an 
intense pump is present, this effect becomes stim ulated and an exponential growth 
of the Stokes band occurs. Then, it is called stim ulated Ram an scattering (SRS). 

One of the SRS effects is soliton self-frequency shift (SSFS) which was observed 

in 1986 [13]. W hen the spectrum  width of the soliton is large enough (this
is usually true for pulse width T0 < lp s), the Ram an gain can amplify the low-

frequency components of the soliton with high-frequency components of the same 
soliton acting as a pump. Then the soliton experiences a continuous red-shift as 

it propagates along the fibre. W hen higher-order dispersions are neglected, the 
frequency shift A ujr of the soliton can be expressed as [1 0 ]:

A , \ 8 |/?2 |TrZ
A u r ( z )  = ------— J— (2.36)

where Tr  ^  3fs (for silica) can be related to  the Ram an gain property within 
the spectrum  width of the soliton [14]. Although SSFS has been considered an 
im mutable feature of sub-picosecond solitons in silica fibres, in Chapter7 I will 
dem onstrate the compensation of SSFS in an index-guiding PC F  with a negative 
GVD slope.

Brillouin scattering is very similar to Ram an scattering. The difference resides 
in the fact th a t the energy and momentum transfer takes place via acoustic 
phonons (molecular excitations not accompanied by dipole oscillations) but not 
optical phonons as with Raman scattering. Therefore, Brillouin scattering is due 
to  light scattered by acoustic waves.

2.4 Fabrication m ethods for conventional fibre

There are two ways to  manufacture optical glass fibre: either by directly draw

ing the fibre from molten glasses, which are placed in two concentric crucibles 
(Double Crucible m ethod [15]), or from a glass rod called a preform. Nowadays 

most optical fibres are made from preforms. There are two steps in the preform 

based fibre fabrication process. First, a preform with the desired refractive index 

contrast and geometrical profile is made. Then the perform is drawn into fibre. 
Although the fibre drawing process varies little, the processes of making the pre
forms are dram atically different. In this section we describe briefly two optical
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glass fibre manufacturing processes, rod-in-tube and modified chemical vapour
deposition (MCVD).

2.4.1 R od-in-tube m ethod

The first conventional step-index optical fibres were produced using the rod-in- 
tube method of fabrication. To make fibres by this method, we insert a glass 
rod with high refractive index into a glass tube with lower refractive index and 
heat them so that the tube melts onto the rod, forming a thicker solid rod called 
a preform. This preform is then pulled down to fibre. This process is shown 
schematically in Fig.2.8 .

Tube (low-index glass) Cladding

^ —  / ____________
.........................  Melted together

Rod (high-index glass) 1— — — — “ ►

............................ Core

Figure 2.8: Schematic of preform fabrication process with rod in tube method.

To reduce the fibre transmission loss, the core-cladding interface must be very 
clean and smooth. This requires that the external surface of the rod and the 
internal surface of the tube be thermally or chemically polished to remove any 
surface roughness. Mechanical polishing cannot be used because, though giving 
a surface tha t looks smooth to the eye, it is in fact covered in tiny scratches and 
cracks, and some polishing debris may remain after cleaning. If the core-cladding 
interface is contaminated in any way, light scattering will occur, degrading trans
mission. Fibres produced by this method usually have high attenuation and are 
used for short-distance image transmission and illumination.
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2.4.2 C hem ical-vapour deposition

The MCVD process [16] is based on the high tem perature oxidation of reagents 
inside a rotating tube which is heated by an external heat source. A schematic 
of the process is shown in Fig.2 .9. Chemical reagents are first entrained in a gas 
stream in controlled amounts by either passing carrier gases such as 0 2 ,A r, or 
He  through liquid dopant sources, or by using gaseous dopants. Halides which 
have reasonably high vapor pressures at room tem perature are typically used and 
include SiCU, SiFA, GeCU, B C l3, B B r 3, PCl3 and PO Cl3.

Deposited 

Deposited 

Fused silica tut

SiCI. • '.q ^aporsjandj^as^

T u b e ro ta t io n

Flame travel

Tube is collapsed

Figure 2.9: Schematic of the procedure for fabricating a conventional optical fibre 
preform by modified chemical vapor deposition (MCVD).

The high purity gas mixture is injected into a rotating tube which is mounted 
in a glass working lathe and heated by a traversing oxyhydrogen torch in the 
same direction as the gas flow. The reagents react by a homogeneous gas phase 
reaction at high tem peratures to form glassy particles which are subsequently 
deposited downstream of the hot zone. The heat from the moving torch fuses 
the material to form a transparent glassy film. Typical deposition temperatures 
are sufficiently high to sinter the deposited material, but not so high as to cause 
distortions of the substrate tube. The torch is traversed repeatedly in order to 
build up, layer by layer, the desired amount of material. In practice, a thin 
cladding layer is first deposited. This serves as a barrier to the diffusion of any 
impurities, such as OH~,  which could increase the optical attenuation. After 
the cladding is deposited, the core material is laid down by adding index-raising 
dopants, such as GeCU and P C /3 , with a programmed chemical delivery rate.
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The main chemical reactions in the hot tube are:

S iC l i  + 0 2 >1” 0°C S i 0 2 + 2 Cl2 (2.37)

G eC h  + 0 2 >13“ °c  G e 0 2 + 2 Cl2 (2.38)

Following deposition, the tube and deposit are collapsed to  a solid rod called a 

preform by heating to tem peratures sufficient to soften the substrate tube. The 

preform is then transferred to  a fibre drawing apparatus where it is drawn and 
coated. The structure of the fibre closely replicates the perform.

2.4.3 Fibre drawing process

Fibre is formed from a preform by the drawing process on a fibre tower, which
is illustrated in Fig.2.10. The preform is fed from the top of the tower into the
furnace with a low speed, usually several m m /m in, and pulled at the bottom  
of the tower with a speed of several m/sec. The furnace comprises a water- 

cooled jacket th a t surrounds an electrically heated graphite element. The furnace 
chamber is purged with purified argon whilst irises at the furnace entry and exit 
prevent any atmospheric or other contamination from taking place. Glass drawing 
tem peratures used are typically between 1800°C and 2100°C. The final diameter 
of the fibre is determined by the ratio of the feeding to the pulling speed. Once the 
fibre has left the furnace, the dimensions and position of the fibre are monitored 
continuously by means of lasers to control the pulling speed via a feedback loop 

which in tu rn  corrects for any diameter fluctuations. Freshly drawn fibre has a 
very high strength, which rapidly degrades unless action is taken to exclude the 

external atmosphere and avoid mechanical damage. Because of this, coatings of 
polymer are applied after the diameter monitor. The polymer is applied to the 

fibre via a polymer-coating die as a liquid, and this liquid is cured usually by 

ultraviolet radiation.
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core preform

fum ance

□  laser diameter control 

polym er coating d ie (1)

curing oven or ultraviolet lamp

□  n  coating diameter monitor (1) 

^ ^ 7  P°lymer coating die (2)

□□
a □

curing oven or ultraviolet lamp

concentricity monitor

CD tensom eter (for pulling fibre)

take-up drum

Figure 2.10: A schematic diagram of the fibre-pulling process.
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Chapter 3

Progress on photonic crystal 
fibres

After the first dem onstration of index guiding PC F [17], photonic crystal fibre 
has attrac ted  great research interest from all over the world. In this Chapter, 
we will review the major progresses in both  index guiding PC Fs and band-gap 
fibres, following a description of the fabrication m ethods used in making PCFs.

3.1 Fabrication process for PC Fs

3.1.1 Stack and draw

The commonest m ethod to fabricate silica-air m icrostructured fibres is the stack 

and draw process [17], as shown in Fig. 3.1. Unlike conventional fibre fabrication 
shown in C hapter 2 , PC F fabrication starts  with a stack th a t is perhaps 20mm 
in diameter and a metre in length, formed by stacking a number of capillary 

silica tubes and rods to form the desired air-silica structure. The finished stack is 

drawn into meter-long preforms with a diam eter range from several millimetres 
to  several centimetres. After the desired preform is constructed, it is drawn into 

fibre on a conventional drawing tower (Fig.2.10), and hair-thin photonic crystal 
fibres are readily produced in kilometre lengths. Through careful process control,
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Step 1
Draw capillaries l~lmm

Step 2 
Build Stack 15mm

20mrr

Step 3
Draw to preform

l-10m m

Step 4
Draw to fibre

10mm

Figure 3.1: The basic stack and draw PCF fabrication technique. Silica capillaries 
and rods are stacked into a hexagonal array, and progressively reduced in diameter 
until the structure has the required wave guiding characteristics.

the air holes retain their arrangement all through the drawing process and even 
fibres with very complex designs and high air filling fraction can be produced.

In the drawing process, many factors should be carefully controlled to get the ideal 
structure. Among these factors, the draw down ratio, the drawing temperature, 
the drawing speed and the pressure applied on the preform are the most important 
ones.

This method has its advantages as well as disadvantages. The advantages include: 
the facilities designed for conventional fibres are ready to use with little changes; 
no doping process is involved; and it is straightforward to make long lengths of 
uniform structured fibres. The disadvantages include: the contaminations in the
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stacking process could make the final fibre lossy, and the complexity of the fibre 
profile is limited by the stacking process.

3.1.2 E xtrusion

The photonic crystal fibre concept not only gives us ex tra  freedom in fibre design 

but also makes it possible to make fibres from a wide range of materials other 
than  silica-based glass. Recently, PCFs drawn from other glasses [18] [19] [20], 

plastics [21] and polymers [22] [23] have been reported. In most of these demon
strations, extrusion technology is employed because fabrication by the stack-and- 
draw process is not suitable for such a variety of m aterials due often to  their 
limited availability, high cost (stack-and-draw typically uses large quantities of 
glass) or inconvenient therm al properties. Extrusion is now a well-known pro

cess in the technology of metals and plastics, for the m anufacture of rods, tubes 
and other more complex profiles. The basic principle of extrusion is as simple as 

squeezing toothpaste out of a tube, where pressure applied to the closed end of 
the tube forces the paste to  flow through the open end. The continuous shape, 
or profile, of the paste as it emerges reflects the shape of the opening or aperture 
through which it has been forced, and can be as simple or as complex as required. 
Fig.3 . 2  schematically shows the extrusion process. A piece of solid glass is heated 
in the furnace to  become soft and forced to flow through a profiled die under 
a pressure from the top. Out of the die, the fibre is drawn down to canes at 
constant speed by a pulling wheel. Extrusion is particularly useful for glasses 

with steep viscosity-tem perature behaviour.

3.2 Progresses in PCFs

Fig.3.3 outlines some of the major steps in the development of PCFs. I will go 

through most of these progresses with some examples.
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pneum atic ram 

furnace  

g la ss  

die

d iam eter monitor

extruded preform

Figure 3.2: Sketch of the extrusion process

3.2.1 Progress in index-guiding PC Fs

One of the first demonstrated characteristics of PCFs is the remarkably wide 
wavelength range in which the fibre can remain single-mode [6 ]. As explained 
in Section 2.1.3, a silica-air index-guiding PCF will become single mode for all 
wavelengths when the cladding structure satisfies the condition d / A <  0.45 [8 ]. 
Fig.3.4 shows the first endlessly single mode PCFs. The idea of controlling the 
mode capacity of index-guiding PCFs by changing the d/A  value of the cladding 
is not limited by the operating frequency or material system, which enables us 
to make single mode fibre using other materials with special optical properties.

By making a cladding structure with only 2-fold rotational symmetry, we can 
get a fibre with high birefringence. Such fibres have been realised by several

u u u

i f  O !
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The f irst PCF (1996) 

Endlessly  single-m ode PCF (1997)

HiBi f ibre (2000)  
High n on l in ea rf ib re  (2000)

High N A fib re  (2001)

Extruded te llur ide fibre (2002) 

Ultra flatted d ispersion fibre (2002)

PBGF with honeycom e cladding (1998)

Hollow-core PBGF (1999)

All solid PCFs (2003)

13dB/km hollow -core PBGF (2002)

PBGF made with silica and liquid (2002)

1.7dB/km hollow -core PBGF (2003)  

Soliton in PBGF @ 1500nm (2003)

Figure 3.3: The time line of PCF progresses. The spot indicates the time when 
I started my Ph.D. research.

1 0  m

Figure 3.4: Scanning electron microscope image of the end of a photonic crystal 
fibre, showing the central core where a hole has been omitted. The pitch A = 
2.3/im, and the fibre is 40/xm across.

29



Figure 3.5: Left:Scanning electron micrograph showing detail of the cross-section 
of the core region of the fibre used in [24] having a line of smaller holes across 
the cladding. Right:Scanning electron micrograph of a Hi-Bi PCF with a highly 
elliptical core [25].

Figure 3.6: A scanning electron micrograph of a “cobweb” PCF (Fibre fabricated 
by, and picture courtesy of, Dr. W.J. Wadsworth)

research groups [24] [25] [26]. They broke the rotational symmetry of the fibre by 
either introducing holes with different sizes near the core or having an elliptical 
core as shown in Fig.3.5. W ithout further optimisation, these demonstrations 
have already achieved a modal birefringence \nx — ny\ >  1 0 “ 3, which is 1 0  times 
bigger than tha t have been achieved with conventional techniques [27]. High 
birefringence PCFs was systematically studied in [28].
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Figure 3.7: GVD curves of silica strands with different diameter in air.

Index-guiding PCFs having cladding with a large d/ A  (resulting in a large index 
step) can confine the light tightly in the core even when the core size is very 
small, which implies a high nonlinearity. Such a fibre can be considered as a 
small silica strand surrounded by air and is called “Cobweb” PCFs as shown 
in Fig.3.6 . The dispersion of Cobweb PCFs, determined by the core size, is 
very different from the material dispersion. As shown in Fig.3.6, the frequency 
range with anomalous GVD is pushed towards to the high frequencies as the core 
size becomes smaller. Such a level of dispersion control, which has never been 
achieved with conventional fibre, combined with the high nonlinearity leads to 
some interesting new phenomena [29] (see Chapter 7).

At the other extreme from cobweb PCFs is PCFs with small d / A  ratio. In 
this case, the dispersion slope can be reduced by finely tuning the pitch A and 
the d/ A  ratio. A wonderful demonstration of this is [30], which presents an 
ultra-flattened dispersion fibre with very small dispersion as shown in Fig.3.8. 
The nonlinearity in such dispersionless artificial materials has been explored [31]. 
Dispersion flattened PCFs were systematically studied in [32].

In order to achieve a large NA, one must arrange for the core and cladding 
materials to have widely differing indices. Unfortunately, the range of indices 
available in transparent solids (including glass and plastics) is relatively small. 
NAs above 0.4 are very uncommon in silica fibres. PCF techniques make it
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Figure 3.9: Above: doubleclad fibre with a conventional solid silica fibre core and 
inner cladding, suspended in air. Below: doubleclad fibre with a PCF core [33]

possible to support a silica core with a cladding of very thin silica strands whose 
effective index could be close to 1. In [33], people analysed theoretically and 
experimentally the features required in an air-silica structure in order to yield a 
high NA fibre. In particular, by making the silica strands thinner than A/2 (A =  
1.54//m), they demonstrated PCFs (Fig.3.9) with measured NAs as high as 0.9 
at 1.54/im over 41m of fibre. These high NA PCFs are very useful for cladding 
pumped high-power fibre lasers [34] [35] [36].

An all-solid index-guiding PCF composed of two types of silicate glasses was 
demonstrated in 2003 [37], as shown in Fig.3.10. For this, two types of silicate 
glasses, high index glass B1 and low index glass HI, with good compatibility in 
terms of mechanical, rheological, thermodynamic and chemical properties were 
drilled into tubes and rods by using an ultrasonic drill. Using the rod-in-tube 
method, a HI glass rod was inserted within a B1 glass tube. Approximately 
10 meters of uniform cane with B1 cladding and HI core were drawn from this 
preform. These canes were then stacked within a B1 glass jacket tube using 
the conventional capillary-stacking technique. The structured preform was then 

drawn into fibres.
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Figure 3.10: Back-scattered electron image of an all solid PCF [37]. Dark area 
indicates high index glass B l.

3.2.2 Progresses in Photonic bandgap fibres (PBG Fs)

The guidance light using bandgap effects with silica-air structures, predicted in 
1995 [38], was first demonstrated in 1998 [39]. The fibre, as shown in Fig. 3.11, 
was fabricated by stacking a few hundred solid silica rods and silica capillary tubes 
by hand in a hexagonal arrangement to form a fibre preform, which was then 
drawn down to fibre. A honeycomb structure is created by individual positioning 
of rods as well as capillaries in the stacking stage. An extra air hole is introduced 
into the centre of the honeycomb pattern by replacing a single solid rod with a 
hollow capillary. This “low-index defect” ensures tha t there are no index guiding 
effects. The observed guided mode is shown in Fig. 3.11(B)and(C).

Although the first photonic band gap fibre(Fig.3.11) was reported in 1998, hollow- 
core guidance had to wait until the technology had advanced to the point where 
larger air-filling fractions, required to achieve a photonic band gap for incidence 
from vacuum, became possible. The first such fibre [40] had a simple triangular 
lattice of holes, and the hollow core was formed by removing seven capillaries 
(producing a relatively large core that improved the chances of finding a guided 
mode). Optical and electron micrographs of a typical hollow-core PCF are shown 
in Fig.3.12. Launching white light into the fibre core resulted in the excitation
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Figure 3.11: (A)Scanning electron micrograph of the surface of a cleaved PBGF. 
(B)Optical micrograph of a PBGF. (C)A photograph of the observed far-field 
pattern.

of variously coloured modes, indicating tha t guidance existed only in restricted 
bands of wavelength, coinciding with the photonic band gaps.

After the first demonstration, many efforts were made to reduce the loss of hollow- 
core PBGFs by improving both the fabrication control and the theoretical un
derstanding. Meanwhile, I started my Ph.D. research work in Oct. 2001 to study 
the properties of PBGFs. The following chapters will present most of the results 
I had in the last three years. Some im portant results from others will also be 
discussed and compared with mine.
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Figure 3.12: The first reported hollow-core photonic band gap fibre [40]. (A) 
a scanning electron micrograph. (B) a photograph of the nearfield of the fibre 
shown in (A) when illuminated with white light.
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Chapter 4

All solid photonic bandgap fibres

In this chapter, we describe a new type of PBG F which has a solid core and an 

array of unconnected high-index rods in a low-index background as the cladding. 
Compared with most reported hollow-core photonic bandgap fibres (HC-PBGFs) 
(consisting of a central air core surrounded by a periodic array of air holes in a 
silica background), this new type of PB G F has some extraordinary properties. 
For example it has an ideal cladding structure for PBGFs; its core is formed by 

a “natural” defect which is free from “surface modes” , and it exhibits multiple 
bandgaps. Such fibres have been dem onstrated by putting  high index fluid into 
a short length of standard  solid-core silica-air PC F [41] [42] [43]. However, those 

fibres are hard to use and have an intrinsically limited length, as well as being 
unstable w ith respect to  tem perature and other environmental effects. Here we 

report the realization and characterization of a PB G F based on two thermally 
matched silicate glasses. This provides an opportunity to  study the basic fea

tures of photonic bandgap guidance in an “idealised” structure. In the following 
text, we refer to  this new type of fibre as the solid-core photonic bandgap fi

bre (SC-PBGF) to  distinguish it from the hollow-core photonic bandgap fibre 
(HC-PBGF).
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Figure 4.1: A sketch of a cladding structure composed of an array of high index 
rods in a low index background.

4.1 A nti-resonance guiding m echanism

Fig.4.1 shows a sketch of a cladding structure composed of an array of high index 
rods in a low index background. The bandgaps of such a cladding structure are 
easily seen to arise from the anti-resonance of each individual high index cladding 
rod [44] [45]. To understand the anti-resonance guiding mechanism, let us consider 
a single high index (ni) rod in a low index (722) background first and then we 
will find out the effects of putting many of such high index rods in a low index 
background periodically. Fig.4.2 illustrates the mode behaviour of a single high 
index rod in a low index background against frequency. At the high frequency 
limit (ko —► 0 0 ), the light tends to be confined in the high index rod, so the 
(3 — ko curve tends to join the line of (3 =  n ik0, where k0 is the wave number 
in free space. At the other extreme, the low frequency limit (k0 —» 0), light 
spreads out of the high index rod so tha t f3 tends to join the line of (3 = n2ko• 
To study the bandgap behaviour, we are interested in the narrow strip along the 
line of (3 = n 2ko, indicated by the red box in Fig.4.2. In order to concentrate the 
calculation efforts into the area we are interested in, we use a re-arranged density 
of states (DOS) plot [46] [47].

The DOS is defined to be the number of states between (3 and (3 + 5(3 for a given 
k0. In practice, the “(3 — k” plane is divided into a uniform grid and each grid 
unit is filled with a certain colour which is determined by the numbers of allowed 
(3 values within the grid unit. To focus on the narrow strip along the line of 
(3 =  n2ko, we replace the axis with l(3 — n 2k0’ (or sometimes with l(32 — n 2k%’). 
The re-plotted red box in Fig.4.2 is shown in Fig.4.3. Here we normalised both (3 
and ko with the diameter of the high index rod d, because such a normalisation 
is valid for the Maxwell equations [1]. The light fields of those modes located on
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m o d e  x

m o d e  y

Figure 4.2: Modes of a single high index (ni) rod in low index (n2) background. 
The red box shows the area we are interested in for the discussion of band-gap 
effects.

A

CNI

Figure 4.3: The same as Fig.4.2, bu t we focus on the red box with re-arranged 
axes.
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the (3{k) curve (black curves in Fig.4.3), called resonant states, are concentrated 
in the high index rod and evanescent in the low index background. The grey area 
represents those waves th a t radiate into the infinite low index background. The 

large white area has zero-DOS, which means th a t those states located within the 
white area (called anti-resonant modes) cannot exist in the structure.

To deal with a more complex situation (for example an array of high index rods 

in a low index background), a proper numerical m ethod is needed to calculate the 

DOS. The Plane-wave m ethod (PWM) is widely used for the calculation of the 

band structure and DOS of a periodic cladding [1]. However, calculating the DOS 
efficiently along the line of (3 — n 2ko by using the PW M  is not straight forward, 

because it is more appropriate in this case to calculate the limit few extremal 
/3 values. My colleagues, Mr. T.D.Hedley and Dr. D.M.Bird, have developed a 
modified PW M  to solve the problem [46]. Based on this modified PW M, they 
have also w ritten a program to enable us to plot the re-arranged DOS map of a 
given PBG F structure.

Now let us consider a infinite array (for example a triangular lattice) of high index 
rods in a low index background just like the cladding structure of the band-gap 
fibres we are going to  study. Fig.4.4 shows the DOS plots of identical rods placed 
at different distances from each other. Here we use red to  fill the area which has 
zero DOS and a greyscale area to show non-zero DOS (a darker area has lower 
DOS).

Comparing the plots in Fig.4.4, we notice th a t as those high-index rods get close 
to  each other there are two distinctive changes. F irst, originally well defined (3(k) 
curves expand into strips; second the anti-resonance region (i.e. the red area) 
expends across the line of (3 =  n 2k0. We will discus them  separately.

The expansion of the (3{k) curves is due to the coupling between the arrayed 
high-index rods. From coupled waveguide theory [5], we know th a t when two 

identical waveguides are coupled together the propagation constant (3 will split 
into two values /3±  A, where A is the m utual coupling coefficient per unit length. 

The nearer the distance between the waveguides, the bigger the splitting of (3. 
The coupling of many of these identical waveguides will expand the original (3 to  
a “conduction band” centred a t /?, and A is a good measure of its width. From 

Fig.4.4, we notice th a t the grey strips become narrower and narrower as they
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Figure 4.4: DOS plots of identical high index rods placed a t different distances 
from each other, with the white regions having zero DOS. The background index 
was set to n 2 = 1.54, and the index of the rods was n\ 1.79. Here we employ 
the material indices of the glasses tha t we are going to use in our experiment.

more away from the line of (3 = n 2ko. This is because when /3 is close to n 2/co, the 
light field is extended outside of the high-index rods so the coupling between the 
rods is particularly strong resulting in a bigger A. As f3 moves away from n2k0, 
light is more confined in each individual high-index rod and A becomes smaller.

The extension of the anti-resonance region is because of the presence of the array 
of identical high index rods. For the photonic states between the resonance stripes 
of the high index rods, the only way to exist in the structure is to propagate in 
the low index background. When there is only one high index rod, to propagate 
in the infinite low index background the wavevector of the light field does not 
need a transverse component. So the maximum (3 between the resonance stripes 
of the high index rod is equal to the absolute value of the wavevector in the low 
index material, i.e. n 2k,Q. When there is an array of high index rods, the light 
fields tha t are not resonant with the high index rods have to run through the 
space between the high index rods and need a non-zero transverse component 
of the wavevector (i.e. ^  0). So in this case (3 = \Jn\k% — k \  < n 2k0. The
minimum k,̂ _ ^  0 needed for the light to run through the space between the high 
index rods is determined by the pitch A. The smaller the A, the bigger the k±. 
This is the reason why in Fig.4.4 the anti-resonance region is extended below the 
line of (3 =  n2k0, which is critical in enabling us to introduce guided modes into

- 2 - 1 0 1 2
($2- n 2k 2) d 2

- 2 - 1 0 1 2
($2- n 2k0) d 2

- 2 - 1 0  1 ; 
($2- n 2k02) d
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such a cladding structure.

W ith our understanding of the mode behaviour in the cladding (the grey area in 
Fig.4.4), we can put core modes, which must be located in the red area in Fig.4.4, 

forbidden to the cladding modes, into the structure by introducing a defect. In 
this work we will simply remove some of the high index rods from the low index 

background to  form the central core. Then the indices of the core modes are 

expected to be below bu t very close to the material index n 2. So the core modes 

would be located in the red area th a t is below the line of (3 = n 2k0 in Fig.4.4. 
After the discussion above, we should emphasise th a t it is the properties (size 

and index difference) of each individual high-index intrusion th a t determines the 

positions of each band-gap, and the distance between these intrusions (pitch A) 

only affects the shape (width and depth) of the band-gaps.

4.2 manufacture process of SC -PB G Fs

4.2.1 glass properties

To make SC-PBGFs we use two different glasses. Before choosing the right 
glasses, we need to  know something about how the glass properties change in the 
drawing process. Fig.4.5 shows the glass viscosity and expansion rate at different 
tem perature. The expansion rate (A L /L )  of glasses increases with increasing 

tem perature (T), i.e.

^  =  a  A T  (4.1)
Lt

where a  is the linear therm al expansion coefficient and is represented as the 

tangent of the curve in Fig4.5. We can see th a t the whole tem perature range 

can be divided into three sections and in each of them  a  can be approximated 

as a constant. At low tem perature, a  has the smallest value and is denoted as 

a _ 3o°c-+7 0oo  From room tem perature to the glass transform ation point Tff, a  

increases to  a+ 2 0°c-+ 3 0 0°c'- Beyond Tg, glasses deform under pressure and stresses 
can be relieved, so the value of a  in this tem perature range is not im portant for 
our purposes. To make a structure with two different glasses, both  glasses must 

have about the same ct-^0°c-+ 70oc  and q;+20°c-+ 3 00oc- Otherwise great stress will 
build up inside the structure when it cools down and the structure will be too
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refractive index  
@1060nm

30-+70° d  a +20-+300°<7
(If)"6/ K ) C O

LLF1
SF6

1.53
1.77

8.10/9.20
8.10/9.00

448/628
423/538

Table 4.1: Thermal properties and material indices of commercial glasses SF6 
and LLF1 from Schott Ltd.

fragile to handle.

0 300
Tempera tu r e  (K)

Figure 4.5: Typical curve for the coefficient of therm al expansion

Another im portant issue of putting two glasses into the structure is whether 
they can be drawn at the same temperature. The viscosity decreases by orders 
of magnitude as the tem perature increases (shown in Fig.4.6). At the drawing 
temperature, the viscosity is in the range of 10 — 103 Pa-s. Although the drawing 
temperature is often not available from the data sheets of commercial glasses, we 
can estimate the trends of the viscosity curve from the annealing temperature 
(T}{o , where stresses can be relieved) and the softening tem perature (T™, where 
glasses deform under their own weight), which are usually listed in the data 
sheets. Normally, a big overlap in the tem perature range between T/q and T™  
implies a similar viscosity curve in tha t range.

Apart from thermal properties, of course, the two glasses must have some index 
contrast. From the scaling law [47] of the Maxwell equations we know tha t if the 
material indices rq and 712 vary, the photonic states will scale so tha t the value
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Figure 4.6: General trend of viscosity as a function of temperature. Viscosity 
ranges for im portant finishing operations and fixed points are shown.

of d2{n\ — n 2 ) ^  is invariant. If we choose two glasses with a bigger material 
difference, then the fibre has to end up with a smaller d (the diameter of the 
high-index rods in the cladding) to keep the band-gap position fixed. The thermal 
properties and material indices of the glasses that we are going to use are shown 
in Tab.4.1.

4.2.2 Rod in tube m ethod

Based on the stack-draw method, we made SC-PBGFs in two different ways: the 
rod-in-tube method and the multiple stack method. The rod-in-tube method, as 
described in Section 2.4.1, was the manufacturing method of silica fibre in its early 
age and is still used to make special fibres. Each of the fabrication steps is shown 
Fig.4.7. First we use the extrusion method to turn the low index glass LLF1 
rods (diameter=15mm) into tubes (outer diameter OD=3mm; inner diameter
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Draw to fibre

Figure 4.7: Rod-in-tube method

ID=Tmm) and draw the high index glass SF6 rods to smaller size to fit into 
the LLF1 tubes. By drawing LLF1 tubes with SF6 rods inside down to 0.8mm 
diameter using the rod-in-tube method, we then have solid canes composed of 
two different glass. The subsequent steps are those for “stack and draw” , which 
is similar to the fabrication process for normal PCFs. In the stack the central 
cane is replaced by a pure LLF1 rod to make the core.

Figure 4.8: (A) SEM and (B) optical image of a fibre sample made by rod-in-tube 
method. The fibre was etched by dilute HF (20:1) for 10 seconds for taking the 
SEM images.

A scanning electronic microscope (SEM) image of a fibre sample resulting from 
the rod-in-tube method is shown in Fig.4.8. Before taking the SEM, we etched the

Extrusion
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end face of the fibre sample in dilute hydrofluoric acid (1H F  : 20H 20 )  for several 
seconds. The differential etching speed of the two materials gives us a contour 
image: the higher level represents LLF1 and the lower level represents SF6. From 
the SEM image we can see tha t the geometric shape of the stack was preserved 
and tha t there is no obvious deformation. However, the attenuation of the fibre 
was so high tha t it is not possible to measure its optical properties. The high 
attenuation was caused by imperfections, such as air bubbles, crystallized glass 
particles and dust, lying on the glass interfaces, especially the interface between 
LLF1 and SF6, where the extruded surface of an LLF1 tube introduces more 
imperfections. Although some of the air bubbles can be seen under microscope, 
most of the imperfections cannot be observed in the SEM image (Fig.4.8), because 
all the bubbles at the glass interfaces are merged into the holes left by the etched 
SF6. Despite the failure of the first trial with the rod-in-tube method, we still 
think of this method as the first choice for our purpose. For the time being, it is 
not possible to improve the quality of the extruded tubes in a short time, so we 
turn to the other method.

4.2.3 M ultiple stack m ethod

Figure 4.9: (A) The schematic of the stack. Grey rods are SF6 and white rods 
are LLF1. There are LLF1 fibres inserted between the core and the cladding to 
fill the gaps. (B) Photograph of the finished stack.

In order to reduce the imperfection-introduced loss we adopt the multiple stack 
method. The multiple stack method avoids the extrusion step by isolating each 
of the SF6 rods by 6 LLF1 rods instead of an LLF1 tube, so no tubes were
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Figure 4.10: Back-scattered electron(BSE) images

needed in the fabrication process. A schematic of the stack and a photograph of 
the finished stack are shown in Fig.4.9, where SF6 rods are marked with grey. 
In the actual stack the diameter of each individual rod is 0.8mm. The central 
area, which would have contained 7 SF6 rods and 12 LLF1 rods, was replaced 
by one big LLF1 rod to form the core. Such an arrangement leads to a core 
composed of 7 missing unit cells in the final structure. We put 12 thin LLF1 
fibres into the gaps between the central LLF1 rods and the cladding structure 
to avoid trapping any air in it. The bigger core, compared with the structure in 
Fig.4.8, will improve the coupling efficiency and make the fibre characterization 
easier. The stack was drawn to fibre in two stages, between which a thick SF6 
jacket was added. Fig.4.10 shows a back-scattered electron (BSE) image (also 
known as composition image) of a fibre sample made by this method. The BSE 
signal, sensitive to the average atom number of the sample material, can monitor 
the material difference even on a flat sample surface, and without etching, the 
imperfections on the glass interface could be kept and observed. In Fig.4.10 the 
lighter regions are SF6 and the darker areas are LLF1. We can see tha t the SF6 
rods turn into star shapes uniformly, because at the drawing tem perature SF6 
is softer tha t LLF1. In terms of the mechanical properties, both the rod-in-tube 
and the multiple-stacking methods are quite successful. The resulting fibres are 
strong and easy to cleave. The strain between the two different glasses in the 
fibre is not noticeable unless the fibre is tightly bent. We characterize the linear
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properties of this type of fibres as shown in Fig.4.10 in the following sections.

4.3 Linear properties of SC -PBG Fs

4.3.1 m odelling the real structure

To analyse the effect of the deformation of high index rods, we carried out a DOS 
calculation on the cladding structure derived from electron microscope images 

of real fibre to  compare with the undeformed case as shown in Fig.4.11. The 

modelled structure consists of an array of touching low-index circles superimposed 

on a high-index background. The diameter of the undeformed high index rod was 
chosen so th a t it has about the same area as the star shaped high index rod. From 

here onwards we use the pitch A instead of the diam eter of the rods d to normalise 
k0 and f3. This is valid only because in the drawing process the pitch and the size 
of the rods scale together. But we should always keep in mind th a t the band-gap 

position is fixed by the size of the rods (for fixed materials) and not the pitch. 
The deformation of the rods made it difficult to  define their size, so the use of 
pitch here is ju st for the sake of convenience.

Fig.4.11 shows th a t the shape of the high index rods has a relatively small effect on 
the position and shape of the photonic band-gaps, especially a t the low frequency 
side, at which the light field is not sensitive to the tiny features of the deformed 

rods. As the frequency increases, the light field is increasingly sensitive to  the 
corners of the deformed high index rods. The change of light field distribution 
introduces more coupling between adjacent rods (compare with the undeformed 

structu re), which leads a visible narrowing of the bandgaps a t the high frequency 

side. The band-gap with the lowest frequency is called the fundam ental band-gap. 
Other band-gaps with higher frequencies are called higher-order band-gaps.

4.3.2 Transm ission

We measured the transmission spectrum  by coupling a supercontinuum white 
light source into two different fibre samples of length about 20cm. The transm it-
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c a

Figure 4.11: ComparLson of bandgap plots for the idealized array of circular high- 
index rods and for the array of star-shaped high-index rods found in the actual 
fibers. High-index material is represented in black.

input spectrum 
pitch=1.78pm 
pitch=2.05pm

Wavelength(nm)

Figure 4.12: Transmission spectra with different pitches. The spikes near the 
1064-nm wavelength are the residual pump that was used to form the supercon
tinuum (the grey curve) for the measurement.
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Figure 4.13: The transmission spectrum of a fibre sample with 1.17/mi pitch. 
The fundamental band is centred at 1200nm.

ted spectra, as shown in Fig.4.12, has several low-attenuation windows, which 
stand out from the background up to 30dB. We can see tha t as the pitch gets 
smaller the band-gaps shift to higher frequency to satisfy the scaling law [47]. 
From the numerical simulation (see below), we can identify the orders of the 
band-gaps. In Fig.4.12, the 2nd-order band is the lowest-order transmission band 
that can be observed with our optical spectrum analyser (OSA). By drawing the 
fibre down to even smaller size (A =  1.17/im), we observed the fundamental band 
shown in Fig.4.13. The central wavelength of the fundamental band is twice that 
of the 2nd-order band, which makes it very difficult to have good optimum cou
pling for both bands. In Fig.4.13, the optimum coupling wavelength was 1200nm.

Simulations were also carried out to compare with the experimental results. At 
first the measured spectrum did not fit well with the calculated transmission 
band position (Fig.4.11), which is caused by the fact th a t material dispersion 
was not taken into account in the initial simulation. In order to model the 
structure more precisely, we performed computations based on the real structure 
over a broad frequency range, and included the material dispersion of the two 
component materials. The result is shown in Fig.4.14. For the sake of clarity,
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only the DOS along a line of Q = n2k0, which is very close to the propagation 
constant of the fundamental mode, was plotted in the figure. By comparing 
the computed DOS and the observed transmission bands, the low-loss regions 
observed experimentally are seen to correspond to the second, third and fourth 
order band-gaps respectively (see Fig.4.11). Fig.4.14 shows great consistency 
in the simulated and measured position and relative width of each band-gap. 
We should notice that in this figure we used commercially-available data  on n\ 
and n2 and their dispersions, and structural information (A =  1.79/im) was 
directly measured from the electron microscope images. There were no adjustable 
parameters in the fit.
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Figure 4.14: Comparison of the transmission spectrum measured through a fiber 
sample (A =  1.79/xm) of 20cm length with the normalized density of states com
puted along the line (3 = n2ko. The spikes near the 1064nm wavelength are the 
residual pump that was used to form the supercontinuum for the measurement.

We have measured the attenuation in our fibre using a cut-back technique, and 
find it rather high at around 18dB/m at the bandgap centre. The intrinsic a t
tenuation of the core material is less than ldB /m  over the wavelength range of 
visible and near-IR, so our fibre suffers from substantial extrinsic attenuation. 
We attribute this to the presence of bubbles at the glass interfaces, which arise 
during our multiple-stacking process, and which are visible in some fibres. We be
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lieve th a t improvements in fabrication procedures will make it possible to  reduce 
or virtually to  eliminate this effect.

4.3.3 D ispersion

We used low-coherence interferometry to  measure the group index of the fibre. 

Fig.4.15 shows a schematic diagram of the experiment setup, which employs a 

Michelson interferometer. One arm contains the fibre under test and a fixed 
mirror. The other, the reference arm, has dispersion compensation lenses and a 

mirror m ounted on a com puter controlled linear translation stage. The position of 

the translation stage should make the translation range cover the point at which 
the two arms has the same optical path. The input is a tunable 3nm bandwidth 

source obtained by passing a supercontinuum generated from a 1064nm pump 

source through a  monochromator. The interference signal was detected by a high 
gain detector which is AC coupled to  a lock-in amplifier. The lock-in amplifier 
was triggered by a chopper between the fibre sample and the reflection mirror to 
pick out the right reflection signal. At each wavelength, by scanning the mirror we 

recorded the envelope of interference signal which was peaked a t mirror positions 
x  th a t make the  group delay of the two arms equal, a: is a linear function of the 
group index, i.e. x  =  (n g — 1 )L  +  Xq where L  is the fibre length and Xq is the 
mirror position w ithout fibre sample. The dispersion was then derived from the 
group index curve by using D  =  The measurement accuracy of x  is

determined by the coherence length of the input light, which was tens of microns 
in our experiment, therefore the error of the measurement of the group index, 

about 1%, m ostly comes from the measure of fibre length.

The measured group index and dispersion are shown in Fig.4.16. As expected, 

the group index curve in each band drops to  a minimum before rising again, which 

is similar to  the reported behaviour of the group indices of HC-PBGFs [48]. The 
measured group indices over two transmission bands of the SC-PBGF show the 

possibility of m atching the group indices at widely different wavelengths, which 
could lead to some interesting applications. The shape of the group index deter

mines the GVD of the fibre. The GVD becomes increasingly anomalous (normal) 
as the wavelength moves to  the low (high) frequency side of the transmission band. 

The difference of the GVD between SC-PBGFs and HC-PBGFs is th a t the m a
terial dispersion m ust be taken into account in SC-PBGFs. We will discuss this
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Figure 4.15: The experimental setup for the group index and dispersion measure-

in more detail in Section 5.2.5. In some fibres, we have observed a small splitting 
of the fundamental guided band due to polarization effects, but these are always 
rather weak.

4.3.4 Nearfield patterns and Optical images

Fig.4.17 shows the optical images of short (about 4cm) fibre samples with different 
size. It is clear that light is well confined in the core area. We have also observed 
the propagation of higher-order core modes in our fibres by imaging the near-field 
as shown in Fig.4.18. The number of guided modes in photonic bandgap fibres 
is determined by the depth of the band gap and the core size: for our cladding 
design, we would need a considerably smaller core to guide just a single mode. 
However, fibres with smaller cores are difficult to excite efficiently, and have 
higher attenuation. Experimentally, we can easily excite purely the fundamental 
mode in the fibres described here, and the fundamental mode does not couple to 
higher-order guided modes even when the fibre is disturbed. It is worth noting

ment.
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Figure 4.16: Measured group index and dispersion

Figure 4.17: Optical images

that exclusively higher-order modes are observed near the long-wavelength edges 
of the transmission bands where the fundamental mode first joins the cladding 
modes. This effect is shown schematically in Fig.4.19

4.4 C onclusion

In conclusion, all solid photonic band-gap fibres have been successfully made and 
characterized. We have observed transmission through the first five bandgaps in 
these fibres, and attribu te the bandgap formation to anti-resonances of the high- 
index strands in the cladding. The structures of this all solid PBGFs represent
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Figure 4.18: Near-field patterns. The left image was taken at 690nm and the 
right image was 575nm

CN

modes exist

Figure 4.19: A schematic plot to show the effect tha t only high-order modes can 
be observed a t the low frequency sides of the band edges.

photonic bandgap fibres in their ideal case, with isolated high-index rods in a low- 
index background, and do not exhibit effects from surface-modes (see Section5.3) 
because of the detail of the core/cladding interface.
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Chapter 5

Linear properties of hollow-core 
photonic bandgap fibres

The ways of fibres with solid cores limits the fibre transparency, dispersion be
haviour and nonlinear response to roughly the corresponding values in the bulk 
materials. This has had a profound influence on the development of fibre optics: 
for example, the spectral dependence of the attenuation and dispersion of bulk sil
ica led to the development of optical telecommunications in the 1.3/zm and 1.5/mi 
wavelength bands. In C hapter 3, we showed the recent progress on guiding light 
through a hollow-core photonic bandgap fibre (HC-PBGF). Photonic bandgap 
fibres guide light a t a low-index “defect” site within the photonic crystal lattice 

which forms the cladding. HC-PBGFs are potentially of enormous importance 

in th a t they may free fibre performance from m aterial constraints. During the 
period of my research, low-loss HC-PBGFs designed for use a t a wavelength of 
1.5/rni were reported [48] [49]. In this chapter we present work in which the wave

length range of fundam ental-bandgap guidance is extended to  cover the 850nm 

wavelength band and we also report, for the first time, on many of the linear 

properties of such fibres. Fabricating fibres for use a t 850nm is more challeng

ing because the dimensions of the fibre microstructure, which are proportional 
to the guiding wavelength, have to be reduced to roughly half of those required 

for fibres for 1550nm. The larger draw-down ratio results in more deformation 

of the fibre structure, while the stronger surface tension forces associated with 
the smaller features make the structure less stable during drawing. However, 
fabricating fibres for shorter wavelengths is worthwhile, because the properties of
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Figure 5.1: Comparison of the SEM images of a SC-PBGF and a HC-PBGF. (a) 
SC-PBGF. Light grey areas represent high index material, (b) HC-PBGF (Photo 
courtesy of BlazePhotonics Ltd.). The isolated black areas represent holes.

hollow-core fibres should make them useful for delivering high power ultrashort 
optical pulses.

5.1 T he guiding m echanism

As a comparison, we show SEM images of a solid-core PBGF and a hollow-core 
PBGF in Fig.5.1. Contrary to solid-core PBGFs, in which high index material is 
isolated by the low index material, in hollow-core PBGFs the low index material, 
air, is isolated by the high index (silica) mesh. Despite the differences of these 
two types of structure, they share the same guiding mechanism as tha t based 
on the anti-resonance of high index intrusions. In Fig.5.1(b), we can see that 
there is a blob at each intersection of three neighbouring glass strands. Fig.5.2, 
DOS plots of cladding structures, with the same silica strands but different blob 
size, show the importance of these blobs. It can be seen tha t when the blobs 
are absent the bandgap is very narrow and shallow; when the blobs are present 
the band gap is relatively wide and deep. The position of the bandgap is largely 
dependent on the blob size.

57



-5C

Figure 5.2: DOS plots of cladding structures that have different blob sizes. In all 
these plots, the widths of the silica strands are fixed to be 4% of the pitch (A). 
r  is the radius of the blob in the structure.

The effects of the thin supporting strands on the bandgap are shown in Fig.5.3, 
in which we turn the structure into an array of isolated identical silica intrusions 
in the background of air by breaking the strands and then change the coupling 
strength by a 60° rotation of each silica intrusion. We can see that the breaking 
and the rotation of the silica strands do not change the position of the fundamen
tal bandgap and the high-order bandgaps begin to open up as a result of reduced 
coupling between the silica intrusions. This indicates that the antiresonance of 
these silica intrusions is the guiding mechanism of HC-PBGFs. The thin silica 
strands are really a result of a compromise between performance and feasibility. 
The fibre performance would be improved if the connecting strands of silica were 
even thinner or completely absent, but such a structure is not self-supporting.

5.2 M easured properties o f H C -P B G F s

The fibre sample we studied was provided by BlazePhotonics Ltd. Fig.5.4 shows 
a SEM image of the fibre, which was fabricated by using the stack-and-draw

r=0.0645A r=0.129A  

$

58



( f i - n k J A  ( f i - n k J A

r=0.097A; w=0.04A

C O X

( V - n k j A

Figure 5.3: DOS plots of structures with broken silica strands.

method. Deformations around the core are from the drawing process in which 
the big hole (the core) tends to expand arid makes the holes around it collapse. 
Carefully controlled gas pressure inside and outside the preform is applied to 
reduce the deformation. In the following subsections. I will present the measured 
linear properties of this fibre sample.

5.2.1 Loss

The optical attenuation of the fibre shown in Fig.5.4 was measured with a broad
band light source using a cut-back technique. The light source was a tungsten- 
halogen lamp and the spectral analysis was performed using a commercial optical 
spectrum analyser (OSA). The fibre was wound in a single layer on a spool of 
16cm diameter. The measurements were done by holding the fibre in standard 
bare fibre adaptors connected directly to the light source and the OSA. The fibre 
length was cut from 56m to 20m. The shorter length was chosen to be 20m be
cause the broadband light source used in this measurement resulted in substantial 
cladding-mode and surface-mode [50] excitation. The attenuation of the fibre as 
a function of wavelength is shown in Fig.5.5. The fibre guides light in a low-loss 
band of roughly 70nm width, centred at a wavelength of 850nm. Outside of this
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m
Figure 5.4: Scanning electron micrograph of the 850 nm air-core fibre used in this 
work. The spacing between the holes in the cladding (the pitch A) is 1.94/im, 
and the elliptical core has major and minor axes of 7/im and 6/rni length. The 
air filling fraction in the cladding is over 85%. Photo courtesy of BlazePhotonics 
Ltd.
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Figure 5.5: A ttenuation recorded via a cutback measurement on 56m of the fibre 
sample used in the following experiments.
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low-loss band, the attenuation increases rapidly. No other low-loss transmission 
bands were found in a wavelength range spanning 500nm - 1600nm. The lowest 

loss recorded in this fibre was 180dB/km at a wavelength of 847nm, although 

we have measured similar fibres with losses in this wavelength band as low as 
130dB/km whose transmission curves were not as attractive in term s of symme

try  and bandwidth. In principle, it is possible to form fibres with a somewhat 
broader transmission band than this fibre by improving the fibre structure, and 

it is certainly possible to form fibres with different central wavelengths in this 
band simply by scaling the microstructure.

The attenuation in hollow-core fibres is expected to be limited by similar mecha
nisms to  those found in conventional fibres: confinement, bend loss, micro bend

ing, Rayleigh scattering, and local imperfections. Clearly, the contributions of 
these to the overall loss, and the level of each of them , will differ from those in 

conventional fibres, as will their dependence on wavelength. In the current fibre, 
calculations suggest th a t the intrinsic cladding thickness is sufficient to reduce 
confinement loss to well below the observed level. On the other hand, the mi
crostructure forming the cladding is imperfect (see Fig.5.4), so th a t confinement 
loss is a likely mechanism limiting the fibre loss. Support for this supposition is 

found in the variation in the fibre loss between nominally identical 50m lengths 

of fibre, which can vary by an order of m agnitude with very little change in the 
bandwidth or central wavelength.

Bending the fibre macroscopically does not measurably increase the attenuation: 
in our experiments we have wound 100 turns of fibre around a mandrel of 5mm 
diameter, and the additional loss caused by such bending is not measurable. 
Bending the fibre more tightly does not lead to catastrophic bend loss either, 
until the fibre snaps at a bend radius less than  2mm. Bulk Rayleigh scattering 

in hollow-core fibres will be substantially reduced when compared to the bulk 
scattering from silica, because over 95% of the light of the guided mode is propa
gating in air. On the other hand, there is an unknown contribution from surface 
scattering, which will have a different spectral dependence to bulk scattering. 

Variations in the structure along the fibre over length scales of meters to microns 

will cause loss and scattering out of the fundam ental mode: we know such varia

tions are present (we detect variations in the outer fibre diam eter of a fraction of 
a percent during the draw) but we have not quantified their contribution to the 

overall loss. As for previous air-core fibres [40] we believe th a t structural vari-
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Figure 5.6: (a) Near-field pattern of the guided mode, recorded at a wavelength of 
848nm after transmission through 60m of fibre (linear scale). The location of the 
first few rings of air holes are represented schematically as the orange outlines, 
(b) Line plots through the two axes of the elliptical core, in a logarithmic scale, 
with arrows indicating the positions of the core wall. The inset shows the far-field 
pattern, as recorded on infrared photographic film.

ations within the fibre cross-section and along the fibre length are the limiting 
factors in the samples used in this work.

5.2.2 Observed guided m odes

We have used near-field imaging to study the guided-mode pattern as a function 
of wavelength. Light from a Ti:Sapphire laser was introduced into the core of a 
60m length of the fibre using an objective lens, and the output face was imaged 
(with suitable attenuation) using a 40 x objective onto a 12-bit digital camera. 
The pattern observed at a wavelength of 848nm (at the centre of the guiding 
band) is shown in Fig.5.6.

In order unambiguously to identify the relative orientation and scale of the fibre 
structure, we have illuminated the output face of the fibre with a small portion 
of the laser beam using a beamsplitter, and so simultaneously imaged the fibre 
output face. This enables us to place the locations of the holes in the fibre in 
relation to the guided-mode pattern, and a few rings of (not always circular) 
air holes are shown schematically as orange outlines in the figure. The guided 
mode is very well confined within the air core, and is roughly Gaussian in shape.
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Figure 5.7: Near-field patterns observed after transmission through 60m of fibre 
on the edges of the guided wavelength range at 790nm (left) and 898nm (right), 
plotted on a linear scale. The locations of the air holes in the first few rings 
around the core are shown schematically.

Fig.5.6(b) shows line scans through this plot along the two principal axes of the 
elliptical core (plotted on a logarithmic scale). Numerical analysis of Fig.5.6(a) 
shows that more than 90% of the guided mode is in the core. Using photographic 
film, we recorded the far-field intensity pattern shown in the inset to Fig.5.6(b) 
at a wavelength of 850nm with no optics between the fibre endface and the 
film. The film is saturated in the centre to show the far weaker features on the 
edges, which are more than 20dB below the main peak. The measured numerical 
aperture (NA) of this mode was 0.17 a t 848nm, taken at the 5% intensity points.

The observed patterns do not change as the input is varied, nor as the fibre is 
moved about. We have scanned the wavelength over the guidance band, and 
find only rather small changes in the modal field pattern over the 1 0 0  nm band 
centred on 850nm, as shown in Fig.5.7. We can couple more than 60% of the 
power of our TirSapphire laser beam into this “fundamental” mode at 850nm, 
and this could probably be increased with more precise matching of the NA.

When this experiment is repeated using a shorter length of fibre (lm ) and a 
higher power coupling lens (numerical aperture roughly 0.3), a range of different 
output field patterns can be seen (Fig.5.8). We attribute these to the excitation 
of higher-order guided modes, which experience much higher loss than the fun
damental mode because of larger overlap with the silica, and a higher transverse 
wavevector component. The fibre is not intrinsically single-mode, and compu
tations on similar structures (done by BlazePhotonics Ltd. using the FDTD
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Figure 5.8: Near-field patterns of higher-order modes excited in a short piece of 
fiber (lm  length) at a wavelength of 882nm, plotted on a linear scale. The two 
plots correspond to different excitation conditions. The locations of the air holes 
in the first few rings around the core are shown schematically.

method) reveal that one can expect several localized modes to be within the 
bandgap. However, the corresponding differential losses are found to be substan
tial, and as in strongly-guiding solid-core photonic crystal fibres [51], and the 
bend-induced coupling between the low-loss mode and the higher modes is very 
weak. It is worth noting that a  high differential loss means that bend-induced 
modal coupling would manifest as transmission loss through a long piece of fi
bre, which is not observed in our bending experiments. Unlike previous work at 
longer wavelengths [52], we cannot observe higher-order mode patterns in lengths 
of longer than a few meters. Consequently, the fibre can be used as if it were 
single-mode.

5.2.3 Properties of the low-loss mode: birefringence

The fibre used in these experiments has an elliptical core (ratio of axes 0.85 : 1) 
due to unintentional but almost uniform deformation during the drawing process. 
The ellipticity is introduced mainly through deformations in the innermost ring 
of air holes surrounding the core. The deformations are apparent in Fig.5.4, 
and the effect of ellipticity on the modal field patterns is visible in Figs.5.6-5.8. 
It is of interest to consider the polarization-mode splitting of the fundamental 
mode which arises as a result of this deformation, and the extent to which light 
introduced into one polarization mode of the fibre is coupled to the other by
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Figure 5.9: Schematic illustration of the evolution of light polarization along a 
birefringent fibre when the input beam is linearly polarized at 45° with respect 
to the axes
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Figure 5.10: Experimental setup for the lateral force technique. d^l.Om m

bends and twists along the fibre length.

To this end we have measured the polarization beat length, by introducing a local
ized mechanical deformation of the fibre cross-section [53] as shown in Fig.5.10. 
We used a half-wave waveplate to align the polarised laser light at 45° to the 
polarization axes at the fibre input, and a polariser aligned to one of the po
larization axis at the output. We then introduced localized mode coupling by 
sliding an object of around 1 mm diameter along the fibre length, with a force of 
a few Newtons. We observed high-visibility oscillations in the light transm itted 
through the polariser as shown in the inset to Fig.5.11. By repeating this mea
surement a t different wavelengths, we found tha t the beat length ranges from 
4mm to 13mm over the guiding band (Fig.5.11). We confirmed the measurement 
at long wavelengths by cutting the fibre back in short lengths of approximately
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Figure 5.11: Measured beat length for the fundamental polarization modes as 
a function of wavelength across the guidance wavelength band. Inset shows an 
example of the data used to measure the beat length, showing the intensity 
transmitted through the polariser as the mechanical disturbance is slid along the 
fibre length. The fringes are not uniformly spaced only because the speed of the 
mechanical disturbance was not constant.

1mm, and studying the output polarization state, which gave results in good 
agreement with the mechanical perturbation method.

Although the observed level of mode splitting is already significant, changes in the 
fibre design rather than simply deformation of existing designs will be required in 
order to make a very highly birefringent air-core fibre without an very elliptical 
mode [54],

5.2.4 Properties of the low-loss mode: dispersion

We have studied the dispersion of the guided mode through the low-loss region 
using a time-domain method, followed by a low-coherence interferometry method. 
With the time domain method we measured the GVD directly by putting a short 
pulse into the fibre sample and measuring the output pulse length as a function of 
wavelength. We used an autocorrelator to measure pulse lengths using 200fs input 
pulses from a mode-locked Ti:sapphire laser. In order to maintain a measurable 
output pulse length, we used a fibre length of 0.67m. In deriving dispersion values 
from output pulse lengths, we assumed that the pulse propagation was linear, 
consistent with our observation that there were no observable spectral changes in
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Figure 5.12: Group velocity dispersion curves measured for the two polarization 
modes using the time-domain technique. Output pulse lengths were measured 
with an autocorrelator, and the sign of the dispersion was obtained from the 
low-coherence data. The attenuation curve is shown here for ease of reference.

the output at the powers used. We also found that the measured autocorrelation 
trace width was independent of the input power. The pulses were measured 
independently for the two polarization modes of the fibre, by using a half-wave 
plate between the laser and the fibre.

Assuming the input pulses are transform limited Gaussian pulses with FWHM 
pulse length T0, we know that after a linear propagation the output pulses are 
chirped Gaussian pulses whose FWHM pulse length 7\ is determined by [10]:

where L is the fibre length. From Equ.5.1 and Equ.2.8 we get the absolute value 
of the dispersion (D parameter). According to the low-coherence interferometric 
GVD measurement, which is shown below, we know that D is always increasing 
as wavelength increases. We can then determine the sign of the D parameter. 
The resultant GVD curves are shown in Fig.5.12.

(5.1)
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Figure 5.13: Comparison of the GVD measured by the interferometric method 
and the pulse transmission method.

To examine the accuracy of the GVD measured by the time-domain method, we 
also measured the GVD with the low-coherence measurement, which is the same 
as the one we used to measure the SC-PBGFs’ GVD in Chapter 4, which was 
performed using a white-light source and 3nm band pass filter in conjunction 
with a Michelson interferometer. A comparison of the GVDs measured by these 
two methods is shown in Fig.5.13, which shows rather good agreement with each 
other. The relatively small discrepancy may come from the fact that the input 
pulses in the time-domain method were not exactly transform limited.

Fig.5.12 and Fig.5.13 show that the GVD crosses zero within the low-loss win
dow, and is anomalous over much of the guidance band. The dispersion slope 
around the minimum-loss wavelength is less than 1 0 ps/nm 2/km  for both modes, 
comparable to that previously reported at 1300nm [55]. This slope may be re
duced through refinements in the fibre-making process, suggesting tha t linear 
transmission of ultrashort pulses through lengths of many meters of fibre with 
low dispersion will be feasible. In our preliminary experiments, we transm itted 
200fs, 4nJ pulses through 20m of fibre at the zero-GVD wavelength. The auto-
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correlation width of the output pulse was then broadened to  roughly 3.5 times 
th a t of the input pulse, partly  due to modest spectral deformation. Improvement 

can be expected by working away from the zero-GVD wavelength and using a 

compensation or pre-chirping scheme. The fact th a t the GVD is anomalous over 

much of the wavelength range is expected to enable the formation of solitons in 

the fibre a t relatively high peak powers and we will investigate the soliton effect 
in hollow-core PBG Fs in the next chapter.

The measured group indices of the two fundamental polarization modes are pre
sented in Fig.5.14(a). As expected, the group index is close to  bu t slightly above 

unity and increases as the wavelength moves away from the centre of the trans

mission band. In the same wavelength band, the value of the group index reflects 

the confinement ability of the fibre. The smaller the group indices, the better the 

confinement of the fibre. Fig.5.14(b) shows the measured group indices of a fibre 
sample with less deformation produced later by BlazePhotonics Ltd. The mini
mum group index of this fibre is only different from the unity by an amount of 
0.0059 which is 55% smaller than  the one show in Fig.5.14(a). The birefringence 

effect in this fibre is very weak as a result of the less deformed structure.

5.2.5 In tu itive explanation  o f dispersion in P B G F s

Upon comparing the dispersion of HC-PBGFs (Fig.5.13) and SC-PBGFs (Fig.4.16), 

we can see similarities as well as differences. A simple explanation [48] is helpful 
to understand these dispersion curves. The common features are a t the band 
edges. In both cases, the absolute value of dispersion is increasing dramatically 
as the wavelength moves towards the band edge and the sign of the dispersion 

is always anomalous(normal) at the long(short) wavelength edge. This feature 
can be explained by the fact th a t as the wavelength moves towards to the band 
edge the guided mode starts to penetrate into the cladding where the high index 

intrusions are located and as a result the group index (n g) of the guided mode 

increases. The derivative of ng, proportional to the dispersion D , will give us the 

dispersion behaviour at the band edges(Fig.5.15(a)). In the central part of the 

band where the dispersion introduced band-gap effects is flat and small, other 

effects including waveguide dispersion and material dispersion have to be taken 

into account.
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Figure 5.14: (a) Measured group indices of the fibre shown in Fig.5.4. (b) Mea
sured group indices of a fibre with less deformation. The inset shows a SEM of 
the core area of the fibre sample.

Waveguide dispersion is caused by the fact tha t the light is propagating in a 
confined space. A hollow waveguide inside an ideal conductor is a simple example 
to illustrate such effect. Suppose the hollow waveguide has a circular cross section 
with radius a. The boundary conditions require tha t the light field is zero a t the 
interface of the hollow core and the ideal conductor. So we have:

a \ ] kl  ~  ft1 =  3o

where jo is the root of the first kind of Bessel function Jo(x) [5]. From the above
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Figure 5.15: Schematic plot to explain the dispersion effects in band-gap fibres 

equation we can find out the GVD:

A - g -
cjp 

a2uj3
or D Jo

4n2 a2c
A

where c is the speed of light in the vacuum. Here we assumed tha t y/k% — /32 «  
ko. We can see that waveguide dispersion, caused by the size of the core, is 
always anomalous. In HC-PBGFs, the material effects can be neglected and the 
waveguide dispersion is dominant in the central part of the bandgap(Fig.5.15(b)) 
which leads to the zero-GVD wavelength being blue shifted. For the case of SC- 
PBGFs, in the wavelength range of our investigation, the core material has a big 
normal dispersion which is dominant in the central part of the bandgap and it 
has a red-shifted zero-GVD wavelength(Fig5.15(c)).

5.3 Low-loss H C -P B G F s and Surface m odes

During the time of my Ph.D. research, the attenuation of HC-PBGFs dropped 
dramatically, especially in the wavelength band of 1500nm. Fig.5.16 shows two 
extraordinary examples [48] [49] of low-loss HC-PBGFs.
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Figure 5.16: (a) and (b) A low-loss HC-PBGF from Corning Ltd. (a) Optical 
attenuation as a function of wavelength for the 65m long HC-PBGF. The loss 
feature between 1550nm and 1650nm is attributed to surface modes [50]. (b) 
SEM of the HC-PBGF profile [50]. (c) and (d) A 1.7dB/km HC-PBGF with 
a bigger core from BlazePhotonics Ltd. [49]. (c) A ttenuation of a 200m long 
HC-PBGF with a 19-cell core, (d) a SEM of the 19-cell HC-PBGF.

Although the fibres shown in Fig.5.16 have different core structures, they have 
something in common. In both cases there are some high attenuation peaks 
within the transmission band. These high attenuation peaks are caused by the 
core structure and deformation of the cladding around the core. In Fig.5.3, 
we have shown that the cladding structure of HC-PBGFs can be seen as many 
identical resonators (composed of one blob and three strands). This uniformity 
was broken around the core area where some resonators with abnormal shapes 
must be introduced to form the core boundary. Some of the resonant modes 
introduced by those abnormal resonators, called surface modes, are located in the 
bandgap and cross with the guided core modes. At crossing points (corresponding 
with those high attenuation peaks), strong coupling occurs between core modes

1550 1600
Wavelength [nm]
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Figure 5.17: Surface mode effects of a HC-PBGF with guidance band at
lOOOnm [56]. The inset shows the observed near-field intensity maps at the fi
bre output at wavelengths corresponding to some of the intensity minima and 
maxima.

and surface modes which are expected to be lossy because of the scattering effects 
in the silica structure. Fig.5.17, from my colleague Dr. G. Humbert who has done 
a lot of experimental investigation on surface modes [56], shows the surface mode 
effects of a fibre sample with transmission band centred at 1/iin.

Surface modes are an intrinsic problem of all HC-PBGFs with a circular core 
boundary. There are fibre core designs [50] [57] [58] that have been proposed for 
avoiding the existance of the surface modes while other proposals have been made 
to utilise these surface mode effects to exploit novel nonlinear effects in HC- 
PBGFs [59][60]. On the other hand, SC-PBGFs as shown in Chaper 4 should be 
free from surface mode effects because there are no defects between the core the 
cladding. The fact that surface mode features cannot be seen on the transmission 
spectrum of our fibre (Fig.5.5) does not mean that the fibre has no surface modes. 
The surface modes of our fibre sample may be located near the band boundary 
where the attenuation level is high, which makes the attenuation peaks caused 
by surface modes invisible.
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5.4 Summary

Photonic bandgap air-core fibres can be fabricated for operation at wavelengths 

as short as 850nm. Losses in these fibres are already at an acceptable level for 

many applications, and are expected to  fall further w ith improvement in the 

fabrication processes. The lowest loss mode has a quasi-Gaussian field pattern, 

and is strongly peaked in the air core. Higher-order modes can be observed 

in short fibre lengths, but have substantially higher losses. Coupling from the 

fundamental to  the higher-order modes is weak, even when the fibre is bent or 
twisted. A core ellipticity of 10 — 15% causes a splitting between the fundamental 
polarization modes of the order of a 1 0 -4 .

The width of the bandgap in these fibres makes them  suitable for delivery of ul

trashort optical pulses from laser systems in this wavelength band. The GVD of 
the low-loss mode is low and anomalous over most of the low loss band, passing 

through zero towards the shorter-wavelength edge of the band gap. Although 
higher-order dispersion will ultim ately limit linear delivery of ultrashort pulses 
along HC-PBGFs with simple structures, it is likely th a t more sophisticated 
designs can be devised in which higher-order dispersion can be more finely con

trolled.
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Chapter 6

Soliton propagation in 
hollow-core photonic bandgap  
fibres

As described in Chapter 5, HC-PBGFs display a range of unusual optical proper
ties. One of the unique properties is th a t more than  90% of the to ta l transm itted 
power is confined in the hollow core. As a result, the performance of such fibres is 
substantially free from nonlinearities, one of the lim itations imposed by the solid 

core m aterial found in all conventional fibres. In conventional fibres, ultra-short 
high-power laser pulses are very rapidly torn apart by self-phase modulation and 

Raman scattering, combined with the group-velocity dispersion (GVD) of the 
fibre. In this chapter we will discuss the nonlinear effects of HC-PBGFs and 
dem onstrate the delivery of ultra-short high-power laser pulses by using the soli
ton effect in HC-PBGFs in a spectral region centred at 800nm , where the material 
dispersion of bulk silica is such as to  preclude the transm ission of short optical 

pulses through any significant length of solid-core fibre, even in the absence of 

nonlinear effects.

At the same time we were performing our soliton experiments in HC-PBGFs at 

an 800nm wavelength, Ouzounov et al, cooperating with Corning Ltd., reported 

a dem onstration of soliton pulse delivery over a short piece of HC-PBGF without 
significant tem poral distortion at 1500nm wavelength [61]. We chose on 800nm 
wavelength, at which suitable HC-PBGFs for soliton experiments were very dif
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ficult to make at th a t time, because not only are Tiisapphire lasers the most 
widely used ultra-short laser sources but also the potential of applications in this 
wavelength range is huge.

6.1 Properties of the fibre

The linear properties of PB G F’s for the 800nm band have been described in 

Chapter 4. In this section we just focus on those fibre properties which are 

directly relevant to the experiments being described, specifically the GVD and 

the Kerr nonlinear effect of self-phase modulation. A SEM image of the fibre used 
in the experiment is shown in Fig.6.1. The GVD in our fibre is shown in Fig.6 .2, 
along with the attenuation and the measured group index. The attenuation 
was measured by using the cut-back method with a tungsten-halogen lamp and 
an optical spectrum  analyser. The minimum attenuation, a t a wavelength of 
800nm, is about 270dB/km  which is much higher than  the attenuation previously 
reported for a similar type of fibre a t a 1500nm wavelength [49] [48] because of the 
strong inverse dependence of the scattering processes on wavelength [62]. The 
effective area of the guided mode is about 27/un. The group index was measured 
using a low-coherence Michelson interferometer equipped with a supercontinuum 
source as described in Section 3.4.3. The minimum of 1.006 is located on the 
short-wavelength side of the low-loss band, and the index increases slowly towards 
the centre of the transm ission band. The GVD curve is derived from a fit to the 
measured group index data, and is anomalous (with positive slope) over most 
of the low-loss window, enabling soliton propagation over much of this band. 
Our experiments were performed around 800nm, where the GVD was around 

140ps/nm /km  (or 47.5ps2 /km ) and the dispersion slope was 3ps/nm 2 /km .

6.2 SPM  at zero-GVD wavelength

Before the soliton experiment, we launched 200fs pulses from an unamplified 

Ti:Sapphire laser at the zero-dispersion wavelength to observe the self-phase- 

modulation (SPM) effect from which we could estim ate the value of the nonlinear 
coefficient 7 . The zero-GVD wavelength of the fibre sample shown above is below
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Figure 6.1: SEM image of the fibre used in the soliton experiment
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Figure 6.2: Measured group index and group-velocity dispersion (GVD), with 
inset showing the fibre attenuation. The measured group index points are indi
cated by crosses: the line is a fit to the data points and is used to derive the 
dispersion curve.
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760nm, where our Ti:Sapphire laser is unstable w ithout changing components, 
so we used a similar fibre sample with shifted zero-GVD wavelength (793nm) 

instead. Both of the fibre samples were drawn from the same preform and they 

have very similar linear properties. Fig.6.3 shows the ou tpu t spectrum  after 
transmission along 2 m of fibre at different input powers. The most notable feature 
is the splitting of the output spectrum. The higher the input power, the greater 
the spectral splitting. As the central wavelength of the input pulses is changed 

slightly, the splitting point stays a t the zero-GVD wavelength. As shown in 

section 2.3.4, the nonlinear phase shift caused by SPM is:

<t> — jP oLeff  (6 .1 )

where L ef f  is the effective length, which is not only limited by the loss of the fibre, 
bu t also the dispersion length. In our case the L ef f  is less than  2 m. Away from 

the zero-GVD point the absolute value of the fibre’s dispersion increases quickly, 

and the dispersion length becomes very short and the nonlinear phase shift de
creases dramatically. This is the reason why the spectrum  splitting point, where 
the biggest nonlinear phase shift accumulates, is fixed by the zero-dispersion 
wavelength. The asymm etry of the spectrum  splitting is because of the presence 
of high-order dispersions [63]. Compared with the typical spectra of SPM in [10], 
the spectrum  splitting in Fig.6.3 represents a nonlinear phase shift of about 1.27T, 
which gives us an estim ated nonlinear coefficient 7  of about 0 .1 /W /km .

6.3 Soliton experim ents

By using the 7  estim ated from the SPM experiment, we need at least a 102kW 

peak power to  observe soliton effects in our fibre, which is beyond the capability 

of our Ti:Sapphire system, so our experiments were done by using a Q-switched 

regeneratively amplified Ti:Sapphire laser system a t H eriot-W att University.

Fig.6 .4 shows the experiment setup. The pulses from the regenerative ampli
fier have a repetition rate of 5 kHz and a pulse length of 136fs. The output 
pulse length from the laser was roughly 1.5 times bandw idth limited. The 
central wavelength used was 796nm. The pulse power was controlled in our 
experiments(Fig.6.4) using a half-waveplate(A/2) and a polarizing beam splitter
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(PBS). Although the core structure of the fibre used here is much more symmet
rical than  the one shown in C hapter 5, a small pulse splitting caused by the low 
birefringence can still be observed in the fibre, so another half-waveplate(A/2) 

was used in front of the fibre to  rotate the polarisation of the input pulse to  one 

of the principle axes of the fibre. Light was coupled into 5m of HC-PBGF via a 
16x AR-coated aspheric lens(NA=0.25) from Newfocus. The coupling efficiency 

obtained was 25 — 30% and the maximum output pulse energy was 320nJ after 

transmission through 5m of fibre before the fibre end was damaged. The exper

iments described here were performed at output pulse energies of up to 120nJ. 
At the fibre output, the beam collimated by an other 16x AR-coated aspheric 
lens was sent into an autocorrelator [64] before which a polariser (PL) was used 

to  get a cleaner autocorrelation trace.

The autocorrelator, based on a Michelson interferometer (Fig.6.4), had a GaAsP 

photodiode (PD) as a 2-photon detector [65] [6 6 ]. Because of the low repetition 

rate of the regenerative amplifier, the average 2 -photon signal was very low and 
had to be amplified by a lock-in amplifier which was triggered by the regenerative 
amplifier. The moveable m irror was mounted on a translation stage with 5/xm 
resolution. As we manually scanned the mirror position, which is proportional 
to a time delay of the two arms of the Michelson interferometer, the amplified 
2-photon signal was recorded to form the intensity autocorrelation trace. The 
measured full w idths at half maxima (FWHM) of the autocorrelation traces as a 
function of the output pulse energy and a comparison of the pulse profile of the 
soliton and the input pulse are shown in Fig.6 .5.

The 5m length of PB G F used in our experiments had an effective length of 4.2m 
and a dispersion length for 136fs pulses of 0.15m. At low power, linear pulse 
propagation is expected to  lead to an output pulse length of over 5ps because of 

the GVD of the fibre. As the input power is increased we observe dram atic pulse 
shortening to a minimum autocorrelation width of around 450fs a t an output 

pulse energy of 60nJ. The output pulse length then remains almost constant to

wards higher pulse energies. Assuming a hyperbolic secant squared (sech2) pulse 
shape which has a deconvolution factor of 1.55, we estim ate an output pulse 

length of about 31 lfs, which is 2.3 times longer than  the input pulse length 136fs 
(assuming a Gaussian shape, deconvolution factor 1.41). Observed output spectra 
for selected energies are shown in Fig.6 .6 . The spectra show both  a solitonic and 
a dispersive component indicating th a t the short pulse sits on a pedestal of dis-
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Figure 6.5: (a) Measured pulse autocorrelation FWHM as a function of output 
pulse energy, (b) Comparison of the input and soliton profiles.
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Figure 6 .6 : measured spectra a t different output power

persed energy which is related to the Raman effects [10]. The solitonic component 
has a bandwidth of roughly 3nm, resulting in a time bandwidth product (TBP) 
of 0.36. Comparing this with the transform limited TBP of a sech2 pulse which 
is 0.31, it implies that the compressed pulses shown in Fig.6.5 are virtually chirp 
free. From the spectral distribution, we estimate tha t more than 80% of the input 
energy is coupled to the soliton at a 60nJ pulse energy. The solitonic component 
is shifted to lower frequencies due to the intrapulse Raman scattering [67] [13] [14], 
higher power resulting in a greater wavelength change. However, even over 5m 
of fibre and at 120nJ output power, the soliton remains well within the low-loss 
window of the PBGF.

6.4 C ontribution  from silica to  nonlinearity

From the result of the soliton experiment, we know tha t the fundamental soliton 
energy in our fibre is about 60nJ. By using Equ.2.33 and the parameters of our 
fibre, we can again evaluate the nonlinear coefficient 7  of our fibre, which is about 
0.02/W /km . This value is much lower than the 0.1/W /km  estimated from the 
SPM experiment (Section 6 .2 ). Although the two 7  values were estimated in
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different experiments using different fibres, the difference between the two 7  is 
out of the experimental error range. There must be something to  explain such 
difference.

Unlike in conventional fibre, the guided mode of a H C-PBGF covers both sil

ica and air regions, which have widely differing values of n 2. The nonlinear 

phase shift in hollow-core fibres has been variously a ttribu ted  to exclusively the 

nonlinear refractive index of air [61] (n 2 =  2.9~2 3 m 2 / W )  and th a t of silica [6 8 ] 

(n 2 =  2A~ 2 0m 2 / W ) .  As the light is concentrated mainly in the air, which has a 

much lower value of n 2 than  the silica, it is not obvious a priori which material 

contributes most to the observed nonlinear phase shift. To m§,ke it clear, we 

have to  go back to  the original expression of nonlinear phase shift as shown in 
Equ.2.23:

AriNL = £ | ^ > I 2/ /  x<3)lF (x ’V)\i d x d y

= f f  W i X t y ^ d x d y  +  xfuica f f  \ F ( x , y ) f  dxdy)
® J  Jai r  J  Jsi l ica

or:
E 77?

f2 - (i = silica , air) (6 .2 )
i ef  f

where
P  = \A{z , t ) \ 2 n \  =  x \3) A leff =

8 1 eff / / j F ( x , y ) |4 dxdy

F(x,  y) is the normalised field distribution function and A \ ^  is the m aterial effec

tive area which is normalised by the peak power of the light field. For the part of 

the light travelling in air, A^Jj ^  ( f f ^  \F(x,  y ) \ 4 dxdy)-1 , which is the effective 
area th a t we had in the case of conventional fibre or index-guiding PCFs, and can 
be approxim ated by 7tw 2 if a Gaussian distribution is assumed (w is the width 

param eter). For the light travelling in silica, = ( f f silica |-F(a;, y ) \ 4 dxdy)~x
which is orders of m agnitude larger than  A So A selj y a is only a physical defi
nition bu t not the real silica area covered by the guided light. P art of the reason 

for the enlarged effective area in silica is th a t Eqa.6.2 uses only the peak power 

of the whole light field P , which is much bigger than  th a t inside silica, so a much 

enlarged effective area of silica has to  be used as a compensation.

Eq.6.2 enables us independently to compute the contribution to the nonlinear
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Figure 6.7: Actual (a) and modelled (b) fibre cross-sections, showing the region 
around the core, (c) shows the intensity pattern of the fundamental guided mode 
used in the modelling of the nonlinear response

phase shift arising from the glass and from the air numerically. Our collaborators 
from BlazePhotonics Ltd. modelled our fibre by using the structure shown in 
Fig.6.7(b) which is derived from the real structure shown in Fig.6.7(a). The 
modelled structure has a 92% air fraction in the cladding and a core formed by 
a seven-unit-cell defect. The pitch in the cladding was taken as 2.33/im and 
the thickness of the struts in the cladding was 70nm. The silica interstices seen 
in the actual fibres were reproduced in the model using arcs of circles. The 
core wall thickness was defined to be 76nm. The core of our experimental fibre 
became distorted during the fibre draw, wrhich resulted in a rather larger core
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than seven unit cells, bu t this distortion was neglected in the numerical modelling. 
Modelling of the structure in Fig.6 .7(b) gives a band gap in imperfect agreement 

with the experimental observations, but within the uncertainties of the structural 
param eters. The modelled bandgap covered the wavelength range from 780nm 

to 970nm, and had an avoided crossing of a surface mode in the middle. This 

surface mode was not observed experimentally (Fig.6 .2 inset), perhaps because of 
the distortions around the core. The intensity pattern  of the fundam ental core

guided mode in the structure is shown in Fig.6 .7(c), at a wavelength of 801nm. 
99% of the energy travels in air, with just 1% of the energy located in the glass. 

The highest intensity occurring in the glass is 16% of the peak intensity in the 
centre of the hollow core.

Evaluation of Equ.6.2 using the da ta  shown in Fig.6.7(c) gives us

we have a 7  value of 0 .024/W /km  which is in agreement w ith our soliton exper
iment result w ithin the uncertainties of the structural param eters. The discrep
ancy of 7  values evaluated from the SPM experiment and the soliton experiment 
can be attribu ted  to the fact th a t the air and the glass appear to be making 
roughly equal contributions to the nonlinearity of our fibre, because the part of 

nonlinearity from silica is very sensitive to the change of which is a func
tion of wavelength. At the zero-GVD wavelength where the SPM experiment was 
done, the loss is higher than  th a t a t the bottom  of the band where the soliton ex

periment was done. As discussed in Section5.2.1, the main loss mechanism in our 

800nm HC-PBGFs is the surface roughness of the silica structure. The increased 
loss at the zero-GVD wavelength indicates th a t at this wavelength the core mode 

has more overlap with the silica structure, which makes the silica contribute 
more to the to tal nonlinearity of the fibre. Such nonlinear coefficient change with 

wavelength was not observed in the first dem onstration of soliton formation in 

a HC-PBGF a t 1500nm [61]. In their experiment, a low-loss (13dB/km ) HC- 

PBG F was used, which implies th a t the guided mode has much less overlap with 
the silica structure. Therefore, the silica structure has little effect on the total 

nonlinearity of their fibre sample.

A n f lrca A n aiT
— ^  =  1.78 x lQ~l2 W ~ l

By using
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Figure 6 .8 : Some results from [61]. (a) Intensity autocorrelation traces of input 
and output pulses for a pulse energy of 900nJ. (b) Input and output pulse spectra 
for a pulse with an energy of 900nJ propagating in air.

6.5 T he effect o f pulse broadening caused by 

R am an gain profile o f th e  air

Fig.6 . 8  shows the intensity autocorrelation trace and spectrum of the solitons 
observed in [61]. Comparing with our results (Fig.6 .5 and Fig.6 .6 ), we can see 
that in both experiments the Raman shifted optical solitons, compared with 
input pulses, were broadened in time and compressed in frequency. However, such 
phenomena disappeared when the HC-PBGF was filled with a noble gas (Xe) [61] 
which does not have Raman activity. This indicates tha t it is the Raman property 
of the gas in HC-PBGFs that limits the bandwidth of the solitons. Fig.6 .9 shows 
a comparison of the Raman gain spectrum of silica and N2 which is dominant 
within the bandwidth of the input pulses (about 4.4THz for a Gaussian lOOfs 
pulse). The peak of the N2 Raman gain spectrum is located at 1 .8 THz below 
the pump (corresponding to a wavelength width of 3.8nm at 800nm or 13.4nm at 
1500nm), which is responsible for the observed soliton bandwidth (3.0nm in our 
case, 13.4nm in [61]).

6.6 P hysica l dam age to  th e fibre end face

One of the limitations in this experiment is physical damage on the fibre end 
caused by the intense laser pulses. In the experiment, as we slowly increased the
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Figure 6.9: Raman gain spectra of pure silica (the dashed curve) and N2 (the 
solid curve).

input power, at a certain point the output power suddenly dropped dramatically 
and it was not recoverable. Fig.6.10 shows what happened at this point. The 
extremely thin silica strand was broken by the laser pulse. One of the reasons 
is that the spatial profile of the laser pulses is not perfect (Beam Quality Factor 
M 2 =  1.5), so that not all the power couples into the core mode. Also the 
numerical aperture of the coupling lens is not perfectly matched with the fibre. 
All the uncoupled energy strikes on the thin silica strand and will cause physical 
damages at high power. By improving the coupling efficiency, the maximum 
transmitted power could be increased.

6.7 sum m ary

We have demonstrated delivery of pulses from a regeneratively amplified Titanium- 
Sapphire laser system over 5m of HC-PBGF with an output pulse length of 300fs. 
The nonlinear phase shift required for soliton formation arises roughly equally 
from the nonlinear refractive index of air and the relatively small overlap of the 
guided mode with the more nonlinear silica. Based on our experimental and 
numerical results, we anticipate that it will be possible to deliver femtosecond 
pulses from an unamplified laser oscillator using a HC-PBGF with a somewhat 
smaller core and a lower air-filling-fraction cladding.
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Figure 6.10: Damaged fibre end face. The pulse energy was about 300nJ when 
the damage was made.



Chapter 7

Soliton Self-Frequency Shift 
Cancellation in index-guiding  
Photonic Crystal Fibres

As described in Section 2.3.5, optical solitons are self-localized pulses with their 
tem poral dispersion suppressed by the action of a nonlinear medium in which they 
propagate [69]. In a Ram an-active medium, like silica, short (<  lps) solitons are 
continuously red-shifted [13] because the low-frequency spectral components of 
the soliton experience Ram an gain due to  being pum ped by the high-frequency 
components. Although this has been considered an im m utable feature of sub
picosecond soliton propagation in optical fibres, we show in this chapter th a t the 

soliton self-frequency shift (SSFS) can be cancelled in a silica-core index-guiding 
PC F with a suitably engineered dispersion profile.

7.1 Cherenkov radiation of a m oving charged 

particle

Cherenkov radiation [70] is electromagnetic radiation em itted by a charged par
ticle moving linearly in a dispersive medium at a constant speed greater than 
the phase velocity of light in the medium. Fig.7.1 illustrates the physical ex-
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lc=(1/v)v
Figure 7.1: Schematic illustration of Cherenkov radiation.

planation of the Cherenkov radiation. As a charged particles travels, electrons 
in the atoms of the surrounding medium will be displaced and polarised by the 
passing charged particle. Each displaced electron, like a point source, will emit 
light waves as they restore themselves to equilibrium after the disruption has 
passed. All the light waves emitted by the disrupted electrons along the trajec
tory of the moving particle are coherent and they have to be added up to unveil 
the macroscopic effects. When the speed of the particle (v) is smaller than the 
phase velocity of the light in the medium (vph = c/n , c is the speed of light in 
the vacuum and n  is the refractive index of the medium), all these light waves 
interfere destructively and no radiation is formed. However, when v > vph the 
light waves interfere constructively and form a directional radiation. If we define 
a wavevector of the particle, k, by k = ( l / v)v  (v is the unit vector along the di
rection of movement of the particle), then the radiation direction 9 is determined 
by the phase matching condition on the direction of the particle movement, v, 
i.e. cos{9) = |£|/|fcpf,| =  vph /v , where kph is the wavevector of the radiation wave.
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7.2 Cherenkov radiation em itted  by solitons in 
optical fibres caused by higher-order disper
sions

From Section 2.3.5, we know th a t if we neglect higher-order (3rd-order and higher) 

dispersion and scattering process the governing equation to  describe pulse prop

agation in a fibre is:
d A  i/32 d2A  _  . 2

dz  2  a r 2 7 '' I ( ^
W hen the fibre has an anomalous dispersion ( /? 2  <  0), Equ.7.1 has a soliton 
solution:

A (z ,T )  = V P sec h (T /T 0 )e i '>P z / 2  (7.2)

where T0 and P  are the time duration and peak power of the  soliton respectively 

and they satisfy jP T q  /\(32\ = 1- W hen a soliton propagates along the fibre, only a 
collective phase, described by the argument of e%lPz/2, changes. Such a collective 
phase, when divided by z, can be considered as an effective propagation constant 
of the soliton, i.e. (3soi = 7 P / 2 . We should notice th a t (3soi is only proportional to 
the peak power of the soliton and does not change w ith frequency. The propaga
tion constant of a linear wave in the fibre is described by the dispersion relation 

of the fibre, i.e. (3un(uj) = \ p 2 {u — Uo) 1 (cj0 is the central frequency of the soliton). 
The linear part of the dispersion relation, f30 +  /3\(u — cjo), does not appear in 
the expression of (3soi and /3un, because lj0 is used as the reference frequency and 
a retarded frame (a frame moving with the pulse) is adopted in Equ.7.1. It is 
apparent th a t (3soi > 0 >  (3un (Fig.7.2(A)) or in other words the phase matching 
condition can never be satisfied when higher-order dispersions are absent. There
fore, no energy is transferred between the solitons and the linear waves. This is 

the main reason for the robustness of optical solitons.

In reality, higher-order dispersions are always present in optical fibres, and it 
is possible to  fulfil the phase matching condition between solitons and linear 

waves. For example, if we include only 3rd-order dispersion (fc)  and neglect 

other higher-order dispersions, then the dispersion relation of the linear wave 

will be (3iin(u) = \{h {u  — ^o ) 2 +  \P z{v  ~  ^o)3- Here we assume th a t compared 
with the 2nd-order dispersion effect the 3rd-order dispersion effect is small, i.e. 

L d 2 «  L d 3 (the m th-order dispersion length Lom = ^oV IPm\ is used as a
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Figure 7.2: Phase matching plot under different conditions.

measure of the dispersion effects [1 0 ]), so we can trea t the higher-order dispersions 

as perturbations. Under the perturbations of /?3 , the first-order corrections to 
the soliton do not change its amplitude, width, and shape [71], so the effective 
propagation constant of the soliton (3soi =  7 P / 2  is also unchanged. Then the 

phase m atching condition will be:

-7 P  =  ~(32{uj — ljo)2 +  ~(33(u  — cj0)3 (7.3)

The solution of the above equation is

u r ~  U)Q -f 3 ( - ^ -  +  —g f - ) (7.4)

where lor is the phase matching frequency. Fig. 7.2 shows schematically the disper
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sion relations of solitons and linear waves under different higher-order dispersion 
configurations to illustrate the phase matching process.

At the phase matching frequency, energy transfer between soliton and linear wave 

is unavoidable and manifests as a radiation. Theoretical analysis [72] shows tha t 

the intensity of this radiation is proportional to the intensity of the soliton at the 

radiation frequency ujr , so it is the spectral tail of the soliton a t u r th a t boosts 
the radiation.

Just like classical Cherenkov radiation, the radiated waves will have some im
pact on the soliton. In classical Cherenkov radiation, the interaction between the 

charged particle and the radiation wave is governed by the requirement of conser

vation of to tal momentum. The counterpart in the case of solitons propagation 

in fibre is the conservation of the spectral “centre of mass” (u>c), he.:

z)\2duj
ujc =  — 22--------------------- =  constant (7.5)

f - n  \A (uj,z)\2du

Here if we regard \A { u ,z ) \ 2 as the “mass” distribution over u , then Equ.7.5 
is an equivalent of the conservation of “mom entum” in the frequency domain. 
As a result, the soliton will be “recoiled” (in frequency) by the radiated linear 
waves [73][74]. For example, in Fig.7.2(B) with a negative 3rd-order dispersion 
(Ps < 0 ), the radiation wavelength cjr is located a t the lower frequency side of the 
soliton, so the soliton will be recoiled to the higher frequency side. The “recoil 

force” is proportional to (cur — ujq)Qr (Qr is the radiation energy). If only even 
orders of higher-order dispersion are present in the fibre (Fig.7.2(D)), the soliton 
will radiate in both  frequency directions symmetrically and the recoil force will 

be cancelled out, so the soliton does not shift in frequency.

7.3 Soliton self-frequency shift com pensation by 

the Cherenkov radiation

It is im portant to  note th a t the above discussion disregards the soliton self
frequency shift (SSFS) due to the Ram an effect, which is a well known process in 
which photons cascade their energy to photons at a longer wavelength through
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scattering from optical phonons. However, the Ram an response of silica accounts 
for about 2 0 % of the overall nonlinear response in case of femtosecond pulses [69], 
so it cannot be neglected.

W hen |ujr — cj0| > >  Au;s (Aojs is the band width of the soliton), it has been 
shown theoretically [72] th a t solitons em itting Cherenkov radiation lose energy 

slowly (i.e., non-exponentially) with increasing propagation distance z, and the 

SSFS effect is dom inant [75]. This is usually true when the soliton is well away 
from the zero-dispersion frequency. From Equ.7.4 we know th a t the frequency 

of the Cherenkov radiation u r approaches the central soliton frequency u 0 close 

to  the zero-GVD frequency, where energy exchange between the soliton and the 

resonant dispersive wave is expected to reach its maximum. This is because 
the am plitude of the em itted radiation is primarily determ ined by the spectral 

am plitude of the soliton a t the radiation frequency ujt and increases exponentially 
as u>r approaches cjq. Therefore, in the region around the zero-GVD frequency, 

both Cherenkov radiation and SSFS effects have to be taken into account. The 
overall effect is dram atically different depending on the slope of the GVD curve 
(i.e. the sign of /?3).

The situation for a positive GVD slope ( / ? 3 >  0) near the zero-GVD frequency 
is relatively simple. W hen /? 3 >  0, the radiation wave is a t the high frequency 
side of the soliton (i.e. blue-shifted) and pushes the soliton to lower frequency, 
which is the same direction as th a t of the SSFS effect, so the Cherenkov effect 
and SSFS effect act cooperatively, driving the soliton away from the zero-GVD 
frequency (See Fig.7.3). As the soliton is away from the zero-GVD frequency, the 

Cherenkov effect can be neglected.

The situation for a negative GVD slope ( / ? 3 <  0) is much more interesting. As 

shown in Fig.7.3, as the soliton approaches the zero-GVD frequency, the red- 

shifted radiation wave pushes the soliton toward the blue side of the spectrum, 

which is against the direction of the SSFS effect. Furtherm ore, the energy of 

the radiated wave has an exponential dependence on l/\cor — cjo| and increases 
dram atically as the soliton red-shifts toward the zero-GVD frequency because of 

SSFS, whose effect is directly proportional to |/?2 |^T0_ 4  [10]. Thus, there exists 
the possibility of a balance between the red frequency shift due to the Raman 
effect and the blue frequency shift coming from the radiation pressure [29] [75].
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Figure 7.3: A sketch to show the effects of SSFS and Cherenkov radiation under 
different signs of /? 3

Figure 7.4: A SEM image of the PCF used in the SSFS cancellation experiments.

7.4 E xperim ental results

7.4.1 A fibre w ith large negative dispersion slope

In order to demonstrate the theoretically predicted effect of the compensation 
of SSFS by Cherenkov radiation, a fibre with negative dispersion slope crossing 
the zero-dispersion point is desired. W ithin the visible and near-IR frequency
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range, conventional step index fibres have only one zero-dispersion point and 

the dispersion slope, dominated by the m aterial dispersion, is overwhelmingly 

positive. Under such conditions, SSFS is inevitable. In Section 3.2, I have shown 

th a t a index-guiding PC F with very small core not only has a high nonlinearity 
but also has a pronounced waveguide dispersion, which gives the fibre one more 
zero-dispersion wavelength with negative dispersion slope. Fig.7.4 shows a SEM 

image of the PC F we employed in our experiment. The fibre has a very small core 

diam eter of 1.2/im. Although the fibre has a relatively large d /A  ratio, the loss 

measurement w ith bending does not show any cut-off effects, so the fibre is single 

mode within the frequency range we are interested in. Fig.7.5 shows the measured 
dispersion, which has two zero-dispersion wavelengths (0.57/xm (2 7 t x  526THz) 

and 1.31/im (27r x 229THz)).

7.4.2 O bservation o f strong Cherenkov radiation and SSFS  
com pensation

We carried out a series of experiments in which we launched optical pulses into 

the small core PCF. The laser source used in the experiments was a mode-locked 
Ti:sapphire system em itting 200fs pulses a t a wavelength of 0 .8 6 /im. A half-wave 
plate was used to ro tate the polarisation of the input laser to  one of the principle 
axes of the PCF, which has an intrinsic birefringence due to  its small core and 
departure from perfect symmetry during the fabrication process. Then the fibre 
length was progressively reduced, and the output spectrum  was recorded for each 
length with an optical spectrum  analyser (OSA).

Fig. 7.6 shows the measurement results for input pulses with peak powers of 75W 

propagating in the PC F from 0.4cm to 500cm. For the chosen pum p wavelength, 

which is far away from the zero-GVD point, the dispersion slope is still positive, 
and the radiation fields are very weak, because of the large detuning from the 

soliton frequency. Therefore, the soliton dynamics shown in Fig. 7.7 are dominated 

by the SSFS effect.

Fig.7.7 shows the measurement results for input pulses w ith peak powers of 230W 
propagating in the PC F from 0.4cm to 400cm. By increasing the soliton peak 
power, we effectively accelerate the SSFS process and enable solitons to  approach
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Figure 7.6: SSFS is dominant when the soliton is well away from the zero-GVD. 
(A) The spectrum measured at different fibre lengths. (B) The interpolated 
contour plot is based on the data from (A). The input peak power is 75W.
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Figure 7.7: SSFS compensation by the strong Cherenkov radiation near the zero- 
GVD point with a negative GVD slope. (A) The spectrum measured at different 
fibre lengths. (B) The interpolated contour plot based on the data from (A). The 
input peak power is 230W.
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the zero-GVD point quickly without increasing the fibre length. The initial con
ditions of the input pulses correspond to  the 4th-order soliton power. From 

Fig. 7.7, we can see th a t initially under the perturbation of Ram an effects the 

input pulse splits into two Raman-shifting solitons with different peak powers. 
The one with bigger peak power shifts faster. As it approaches the zero-GVD 

point (1.31/xm), a strong red-shifted radiation wave develops and the red shifting 

of the soliton is almost stopped completely. We should notice th a t the radiation 
wave already existed when the soliton was still well away from the zero-GVD 

point, but it was so weak th a t it was not visible in Fig.7.7. After the SSFS can
celling point (corresponding fibre length about 1 2 0 cm), the energy of the soliton 

transfers to  the radiation wave quickly and from Equ.7.4 (and also Fig.7.2(B)) we 

know th a t red detuning of the radiation will slightly decrease, which can be seen 

from Fig.7.7(B) (the edge of the radiation wave shifts slowly toward the soliton 
frequency). Although it is not completely stopped, the red-shifting of the soliton 
is largely com pensated by the strong Cherenkov radiation.

To examine the robustness of the observed SSFS compensation effect, we put 
even more power (input pulse peak power 450W) into the fibre, which enables 
us to observe the behaviour of the second Ram an shifted soliton. The results 
are shown in Fig.7.8(A)(B). Although the peak power is a bit lower than  the 

first Ram an-shifted soliton, it is clear th a t the SSFS of the second Raman-shifted 
soliton is com pensated almost a t the same wavelength as the first Raman-shifted 
soliton. This means th a t this SSFS compensation effect is not sensitive to the 
properties of the incoming solitons. Fig.7.9 shows the numerical simulation done 
by my colleague Dr. D.V. Skryabin, who predicted this SSFS compensation effect 
theoretically [29], using the param eters gathered from our experiments. The 
pattern  of the soliton behaviour shown in our experiments is clearly seen from 

this simulation.

7.5 Conclusion

The excellent agreement between our experimental results and the numerical 
predictions shows th a t we have identified and observed an efficient mechanism 

to amplify the Cherenkov radiation em itted by optical solitons, which leads to 
the cancellation of the SSFS. The detuning between the solitonic pump and the
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Figure 7.8: The observation of the second Raman-shifted soliton experiencing the 
SSFS compensation effect. The input peak power is 450W.
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Figure 7.9: Numerical simulation shows the behaviour of a 200fs soliton as it prop
agates along the fibre approaching the zero-GVD point with negative dispersion 
slope. The fibre parameters used in the simulation are from the experimental 
data (7.5).

Cherenkov radiation in the frequency-locking regime is sensitive to the value of 
the GVD slope, which is determined by the PCF geometry. This suggests the pos
sibility of tailoring the latter to achieve a desired output frequency, and thus, of 
developing a family of optical parametric amplifiers based on solitonic Cherenkov 
radiation. Such amplifiers would be useful for inline applications, despite the 
low nonlinearity and limited operating wavelength range, when compared with 
periodically poled LiNb0 3 .

The effect of the SSFS compensation described above is very robust and has been 
observed for a broad range of pump frequencies and powers. The most likely rea
son why it has not been previously identified is tha t in telecommunication fibres, 
for commonly used frequencies, the radiation is always on the higher frequency 
side of the soliton, so that the recoil and Raman effects act in the same spectral 
direction. The results of this work show how novel and unexpected effects can 
be discovered in PCFs due to the unique combination of their dispersive and 
nonlinear properties.
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Chapter 8

Summary, and future work

This thesis described the fabrication and characterisation of linear and non-linear 
phenomena in photonic band-gap fibres. An novel soliton phenomenon in a index- 

guiding PC F was also presented. In this chapter we summarise the main conclu
sions of the work and describe future research directions.

A ll solid photonic band-gap fibres

We have investigated and fabricated all solid PBG Fs for the first time. Ex

perim ental samples were fabricated using two different silicate glasses. Both 
rod-in-tube m ethod and multiple stack method are shown to  be feasible for this 
purpose. The linear optical properties of the fibre made by using the multiple 
stack m ethod have been measured. Four lowest-order transm ission bands are 
observed in the VIS-NIR wavelength range and show excellent agreement with 
the numerical simulation. The uniform deformation of the high-index rods (SF6 ) 

is investigated numerically and was found to  have relatively little effect on the 

lower-orders of the transmission bands. Group index and group index dispersion 

are measured over the 2nd-order and 3rd-order bands. The red-shifted zero-GVD 

point indicates the core material dispersion contributes most to  the dispersion 
a t the central part of each transmission band. The relatively high attenuation 

measured in the fibres is attribu ted  to  the presence of small air bubbles trapped 
in the fibre structure during the drawing process. By improving this cause of loss
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we expect to  reduce the loss to the bulk material limit.

Linear properties of hollow-core photonic band-gap fibres

Linear properties of a HC-PBGF designed for use in the 850 nm wavelength 
region are investigated. A series of numerical simulations show th a t the “blobs” 

at the joints of the th in  silica strands play an critical role in opening a band-gap 

in such structures. Losses in these fibres, mainly due to the scattering of the 

surface roughness of the silica structure, are already a t an acceptable level for 
many applications. The lowest loss mode has a quasi-Gaussian field pattern , and 

is strongly peaked in the air core. Higher-order modes can be observed in short 
fibre lengths, bu t have substantially higher losses. Coupling from the fundamental 
to  the higher-order modes is weak, even when the fibre is tightly bent or twisted. 

The GVD of the low-loss mode, measured by using both  a time-domain method 
and a low-coherence interferometry method, is anomalous over most of the low 
loss band, passing through zero towards the shorter-wavelength edge of the band 
gap. An unintentional core ellipticity of 10 — 15% causes a splitting between 
the fundam ental polarization modes and the polarization beat length varies from 
4mm to 13mm across the transmission band.

Soliton propagation in hollow-core photonic band-gap fi
bres

We have dem onstrated delivery of 800nm pulses from a regeneratively ampli
fied Titanium -Sapphire laser system over 5m of HC-PBGF w ith an output pulse 
length of 300fs and observed soliton formation at an output pulse energy of around 

65nJ. The nonlinear coefficient of the fibre is estim ated by observing the self-phase 

modulation effects a t the zero-GVD point, and is smaller than  th a t derived from 

the soliton experiments. The discrepancy can be explained by the fact th a t the 
nonlinear phase shift required for soliton formation arises roughly equally from 
the nonlinear refractive index of air and the relatively small overlap of the guided 
mode with the more nonlinear silica. The transm itted  solitons are nearly trans
form limited and their band-width is limited by the Ram an gain spectra of the 
gas inside the fibre, which is responsible for the red-shifting of the soliton spec
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trum . The physical damage to the fibre end-face a t high pulse energy has also 
been shown.

Soliton  self-frequency-shift com pensation  by Cherenkov ra
diation

We report the cancellation of the soliton self-frequency shift in a silica-core pho
tonic crystal fibre w ith a negative dispersion slope. Experim ental and numerical 

results show th a t stabilization of the soliton wavelength is accompanied by ex

ponential growth of the red-shifted Cherenkov radiation em itted by the soliton. 

The soliton frequency locking is a result of the balance between the spectral recoil 

from the radiation and the SSFS from Ram an effects. The SSFS compensation 
of a second Ram an-shifted soliton was also dem onstrated, which proves th a t the 
soliton locking frequency is largely determined by the P C F  geometry and not 
sensitive to the properties of the incoming solitons.

Future work

The work presented in this thesis could be extended in many directions including:

The improvement on fabrication process is needed to reduce the loss of the all 
solid PBGFs. The multi-band transmission property of the all solid PBGFs 
makes it possible to  m atch the group velocity a t different transm ission bands, 
which could be very interesting for certain nonlinear processes. The solid core of 

the solid PBG Fs enable us to add doping in it and build new types of lasers and 

amplifiers. Surface modes, which are naturally absent from the all solid PBGFs, 
can be added into the fibre in a controllable way to  give the fibre some special 

features.

Due to the significant improvement in the fabrication process of hollow-core 

PBGFs, the surface modes, which will affect the fibre performance, has been 
under intense investigation. Our work of soliton transm ission implies the possi

bility to design the nonlinearity of HC-PBGFs by changing the cladding structure 
to meet the requests of real applications. Atom optics in HC-PBGFs has also
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trac t a lot interests all over the world.

Our dem onstration of SSFS compensation suggests the possibility of tailoring the 
GVD profile of index-guiding PCFs to achieve a desired ou tpu t frequency, and 

thus, of developing a family of optical param etric amplifiers based on the solitonic 

Cherenkov radiation.
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