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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

Optical properties of long photonic crystal fibre tapers

by Natasha Vukovic

In this thesis I investigate optical properties of metre - long tapers. Microstructured
optical fibre technology has created new opportunities in a broad range of science and
technology. In the work presented in this thesis I have combined the microstructured
optical fibre technology with a novel tapering facility in order to develop new applications

in the field of nonlinear optics.

This thesis concerns development of a novel tapering facility, capable of achieving inter-
mediate length (few tens of cm to ~10 m) tapers. In comparison with systems presented
to date, the novel system has the advantage of the increased control over the desired
taper profile and enables efficient fabrication of intermediate taper lengths of poten-
tially arbitrary profiles. During the fabrication the fibre diameter exhibits significant
variations, due to various disturbances. A design of the feedback loop for the enhanced
control of the output diameter variation is proposed. The system capabilities have been
tested and demonstrated in many different examples. The presented results show that
the variation of the fibre diameter is within ~1%, which offers possibilities to use the

system in various applications.

As an example of the intermediate taper length design and application, parabolic pulse
generation was investigated. It represents a very attractive pulse shape, since it can
propagate at high peak powers while avoiding wave-breaking effect and have a flat and
broad spectrum, which could lead to pulse compression applications. This thesis presents
numerical modelling and experimental results (restricted to a set of parameters of fibres

available from ’stock’) concerning this phenomena.

Supercontinuum generation is an area of research that has been attracting scientific
interest over several decades. This thesis shows results of a study of supercontinuum
generation in intermediate length tapered microstructured optical fibres. A simulation
tool has been developed and the procedure to efficiently determine optimum conditions
for improving flatness of the supercontinuum spectra has been proposed. The proposed
method concerns a ’standard’ microstructured optical fibre, but generally can be ex-
tended to different fibre designs.
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Chapter 1

Introduction

Modern fibre optics was born in 1950s and revolutionized the field of telecommunications.
Since then a lot of effort has been put into the design of new fibres, using new materials
and improved control of fibre optical properties. Of particular importance was the
development of low loss silica fibres which contributed to the development of the new
field of nonlinear fibre optics [1]. Many different nonlinear phenomena have been studied
over the years including self phase modulation, stimulated Raman scattering, four wave
mixing etc. The combination of different nonlinearities has also been considered, leading

to new developments in the field of nonlinear optics.

Microstructured optical fibres (MOF) have attracted much attention since the first
demonstration of optical guidance in a MOF in 1996, [2] - [5]. MOFs have shown
potential for many practical applications, due to their novel optical properties and have
been in the focus of research over the recent years [2]. Light guidance in MOF is pro-
vided by a periodic arrangement of holes, acting as a cladding, running along the full
length of the fibre. A potentially unlimited range of geometric arrangements (hole shape,
dimension and position) permits control of optical properties (dispersion, nonlinearity,
birefringence), improving some of the characteristics in comparison to conventional op-
tical fibres. Already MOFs have significant applications in various scientific domains,

such as nonlinear optics, telecommunications or medical science.

Many of the above mentioned nonlinear effects are enhanced by tapering optical fibres
and particularly by tapering MOF. Nowadays, many important optical fibre components
and many advanced applications are based on tapered optical fibres. Tapered MOF's
have been widely used over the recent years in a variety of applications in the field
of nonlinear optics, such as supercontinuum generation, soliton pulse compression or
parabolic pulse generation in the normal dispersion regime [2], [3]. The fabrication
techniques in the field of fibre tapers were mainly focused on fabrication methods for
short taper lengths (<10 cm), based on heating and stretching of the fibre, and for

long taper lengths (>10 m), based on fibre drawing technique. These processes are well

1
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understood and allow wide variety of tapers to be fabricated. However, these methods
can not be easily extended to allow fabrication of intermediate length tapers (range
between tens of cm and 10 m). Moreover, the performance of the fibre devices and
the influence of different effects on pulse propagation can be enhanced by a carefully
engineered profile of the fibre taper and by improved control of the parameters that
affect tapering. This thesis presents results of developing a novel fibre tapering system,
which enables fabrication of intermediate length tapers, particularly for applications
where required diameter change is less than 10%. The full capabilities of the novel fibre
tapering rig were demonstrated in this thesis. Such metre - long tapers offer precise
control of the effective nonlinearity, dispersion, Brillouin threshold etc. In particular,
I have studied parabolic pulse generation in the tapered microstructured optical fibre,
which is an attractive way to produce flat spectra, which allows efficient compression
in the time domain. Another important nonlinear application is the supercontinuum
generation in microstructured fibres, which has been in the focus of scientific interest
and demonstrated frequently. However there is still a need to improve its performance
by extending the bandwidth, improving the spectra flatness or decreasing the power
requirements, which can be achieved using tapered microstructured optical fibres, too.
The possibility of having tapering facility able to fabricate intermediate length tapers is

beneficial and potentially can revolutionise the field of optical fibre tapering.

The work described in this thesis is motivated by the need to explore theoretically and
experimentally new fibre tapers designs and to correlate them to the physical and optical
properties that can be achieved. The final aim of this research work is to expand the
current knowledge of how the new system facility can be used in the existing and new
applications in the field of nonlinear optics. In addition, the ultimate goal of the research
presented in this thesis is to propose some new tapered MOF designs which could be
fabricated using the tapering rig and to experimentally validate some pre-determined

optical properties.

Outline

Chapter 2 provides the general background of the thesis. An introduction of the mi-
crostructured optical fibres, with the emphasis on the guidance mechanisms and most im-
portant definitions, as well as an introduction to tapered fibres, is given. Brief overview
of the fundamental properties, materials and fabrication techniques, is presented. This
chapter describes the foundations of the dispersive and nonlinear effects in standard
and MOF. The nonlinear effects, such as self phase modulation and stimulated Raman
scattering, are briefly reviewed, as their comprehension is of fundamental importance for
understanding different nonlinear phenomena studied in this thesis. Furthermore, for an

understanding of the nonlinear phenomena it is necessary to consider the basic equations
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that determine the propagation constant and govern the propagation of optical pulses.

The derivation procedures of the wave equation and the NLSE equation are shown.

The nonlinear pulse propagation in optical fibres is simulated using both the split step
Fourier method and a fourth order Runge Kutta interaction picture method, therefore
both methods are described in this chapter. The techniques for complete optical pulse
characterisation, FROG and I-FROG, are introduced.

Chapter 3 presents the results of design, configuration and demonstration of a novel
optical fibre tapering rig. The most important steps in the designing procedure, in-
cluding the mathematical theory of the control problem formulation, are explained in
detail. The system description with all relevant parameters is given. A particularly
important achievement in this thesis is the inclusion of the control feedback loop, and
hence the detailed design of the feedback loop is given. Moreover, different experimental
results of tapering of both step-index and MOF fibres are presented. The quality of
tapering is quantified using the mean error and error standard deviation. Specifically,

the experimental results of the MOF fibre taper are examined.

Chapter 4 introduces the theoretical background of the parabolic pulse generation in
the normally dispersive optical fibre, which relies on the theory of self similarity. Fur-
thermore, the results of modelling and simulation of tapered normally dispersive MOF
are presented. Two normal dispersion regions of the MOF are identified using an op-
tical map. The procedure for choosing the parameters of the taper profile for efficient
parabolic pulse generation is proposed. The procedure is essentially based on creating
a set of 2D maps which relate the measure of pulse being parabolic and the taper’s
corresponding length as a function of input pulse peak powers and temporal widths. It
is shown that Gaussian input pulse of various peak powers and widths can evolve into
the parabolic shape with a linear chirp coefficient in both cases. The improvement of
the misfit parameter, which quantifies the parabolic pulse evolution in the MOF, when

compared to the standard optical fibre, is demonstrated.

Chapter 5 shows numerical and experimental results of the three sets of experiments
that I have done towards the parabolic pulse generation in a tapered microstructured
optical fibre with the normal dispersion. The first two experiments were performed using
the fibre that wasn’t specifically designed for this analysis and experiment. An attempt
to accommodate the existing MOF to suit the purpose of the experiment and the initial
experimental results were shown. Further in this chapter I have presented numerical and
experimental results of the third experiment of the parabolic pulse shaping in a tapered
MOF. Results of numerical modelling and taper parameter determination were shown.
Consequently, the 1.8 m long taper was successfully fabricated. The experimental results
of parabolic pulse generation have been compared with the numerical simulations. The

nonlinear pulse propagation through the taper was characterized using linear FROG
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technique. The results of the experimental investigation suggest that parabolic pulse

shaping can be obtained if the optimum launching conditions can be achieved.

Chapter 6 presents results of investigation of the supercontinuum generation in tapered
MOF. The novelty of this research relies in the proposed procedure for improving flatness
of a supercontinuum based upon tapering of the microstructured optical fibres. This
approach provides a simple way for determination of the taper parameters (pitch and
relative hole size), to achieve the required dispersion regime. The modelling procedure
was based on the simulation of the sech pulse propagation of various FWHM and peak
powers in the tapered MOF of different lengths. The generalised nonlinear Schrédinger
equation was solved numerically using a fourth order Runge Kutta in the interaction
picture method. I calculated the supercontinuum spectra bandwidth and the ratio of
spectra width and spectra standard deviation. This measure is associated with the
figure of merit of the spectra flatness. Some enhanced supercontinuum spectra features
are obtained for the fibre tapering from anomalous to normal dispersion regime. It
is shown that by taking into account the spectra standard deviation it is possible to
find conditions to significantly improve flatness of the supercontinuum with respect to
the untapered fibre. The method proved to be efficient for easy determination of the
optimum launching conditions, thus providing a simple way of enhancing the spectra

properties of SC, which is of the fundamental and practical interest.

The thesis concludes with Chapter 7 in which I summarise the results and discuss the

possible directions of future work.



Chapter 2

Background

2.1 Introduction to microstructured optical fibres

The microstructured optical fibre (MOF) is a novel class of optical fibre which exhibits
a wide range of optical properties that were impossible to achieve using standard opti-
cal fibres. MOFs can be made using a single type of glass, in contrast to conventional
technology, and light guidance is achieved by introducing an air hole lattice that runs
longitudinally along the fibre length. Microstructured optical fibres were proposed in
1995 [4] and the first demonstration of optical guidance was published in 1996 [5]. Since
the breakthrough in the fabrication process of these fibres in the late 1990 these fibres’
unusual optical properties attracted significant interest and initiated huge scientific re-
search [2] - [18].
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F1GURE 2.1: SEM images of microstructured optical fibres realised at the ORC

One of the most important MOF configurations consists of an arrangement of holes
running longitudinally along the fibre, acting as a cladding, typically in a hexagonal
arrangement, guiding light in either a solid or hollow core. Such fibres are also known
as Holey Fibres (HF) or Photonic Crystal Fibres (PCF), as the microstructure is often
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highly periodic. Figure 2.1. shows a few examples of practical fibres of very different

topological structures allowed by current fabrication techniques.

e Fundamental properties: An important property of index-guiding MOF is that
they can, under certain circumstances, be endlessly single moded [2], [3], [8]. In
addition, due to the flexibility in their structural design and the large index con-
trast, for many physical parameters, MOF can generally span a larger achievable
range than standard fibres [2], [19], [20]. It is therefore possible, for example, to
target more efficiently either non-linear applications, employing a small core de-
sign, or high power delivery applications using large mode area fibres [2], [3], [21].
Also, dispersive properties are ”tailorable”, enabling dispersion-flattening across a
very broad spectral region allowing, for example, anomalous dispersion down to

the visible region or normal dispersion with either very low or very high values.

e Materials: The significant advantage of MOFs is that they can be realised in a
single material, usually pure silica, but can be also made using different materials.
This eliminates the problem of doping certain areas to modify the refractive index
in order to achieve light guidance, and allows a broader range of materials to
be potentially employed. Pure silica remains the material of choice for most of
the applications in the near infrared wavelength range due to the low intrinsic
loss. However, for applications requiring extremely high nonlinear coefficients,

compound glasses have been employed (bismuth, tellurite or chalcogenide glasses)
2], [3].

e Fabrication techniques: Since the first fabrication of MOFs associated with
1996, [5], a variety of different techniques was used. The first stage of the process is
fabrication of a preform (which is a macroscopic version of the targeted structure).
The preform is usually produced by stacking circular capillaries (shown in Figure
2.2).

FIGURE 2.2: The capillaries stacked around a rod
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The common approach is based on a drawing tower techniques where the stack
is then drawn down into fibre on a fibre drawing tower. Alternatively, the stack
can be drawn into cane, which can be inserted into a jacket and drawn to a fibre.
Different structures can be made by varying pulling speed, temperature or by

doping the central rod (active fibres) etc. [2].

2.2 Single mode optical fibres

In order to properly understand the novel properties of PCFs I first review the common
step-index fibre. The geometry of step-index fibre is used in most conventional single
mode fibres (SMFs). The step-index fibre (shown in Figure 2.3) has a central core, with
a refractive index 7.y, surrounded by a cladding layer with a refractive index ngjqq.
The light is guided via the principle of total internal reflection in the higher refractive

index core, while the cladding refractive index is lowered (ncore > Nelad)-

n{r)

FIGURE 2.3: Schematic diagram of the step-index fibre cross section and refractive

index profile

The two important parameters that characterise a step-index fibre are the relative
core-cladding index difference, A, and the normalized frequency, V. The relative core-

cladding index difference is:

n2

2
A — _core — Nelad (21)

2
2ncore

In conventional fibres it is the normalized frequency, V', that determines the second order
cut-off between the single mode and multimode guidance [1], given by the following

equation:
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2m
V= Ta,/ngm —n? (2.2)

where a is the core radius.

According to the geometrical optics analysis, the difference in refractive index gives
rise to total internal reflection at the core-cladding interface, which will confine light
in the core region. Alternatively, Maxwell’s equations enable finding a finite set of
guided modes whose energy is concentrated in the core. The number of guided modes
is N ~ V2/2 and is determined by the wavelength of light and the fibre structural
parameters. It has been shown [1], that by reducing the core radius until V' < 2.405,
only one transverse mode is guided by the fibre, i.e. the single mode propagation regime.
The guided modes have a propagation constant 3 which is related to the effective index,

neyr, using the following expression:

p =20l (23)
where )\ is the optical wavelength (kg = 27/\ is the wavenumber of light in vacuum).
For a step-index fibre with an infinite cladding propagation constants satisfying n..q <
B/ko < Neore give strictly guided modes. In this theoretical, ideal case of having an
infinite cladding, n s is real. However, due to the cladding finite size, all modes are leaky
because of confinement (tunnelling) losses [20]. In this case the propagation constant
takes small imaginary part, so that these modes would satisfy n.q.q < Re(8)/ko < Neore-
However, we can assume that most well-confined leaky modes of the fibre with the finite
cladding are similar to the guided modes of a fibre with the same parameters but an
infinite cladding [20]. The fundamental mode of a step index fibre is the mode with
largest (.

2.3 Guiding mechanisms in microstructured optical fibres

The fundamental difference between standard and microstructured optical fibres is asso-
ciated with the wavelength dependence of the effective cladding index in the MOF's [11],
[15]. Whilst in conventional fibres it is largely independent of wavelength, in MOF's the
large index contrast between air and glass and small structure dimensions combine [11],
thus in MOF's there is a small effective index difference between the core and cladding
at shorter wavelengths and the effective index contrast is larger at longer wavelengths.
This phenomena leads to the unusual optical properties in these fibres. In MOFs, as
long as guidance is due to the finite number of layers of holes, light leakage from the
core to the outer layers of holes is unavoidable [20]. Therefore, in MOFs, all modes are

leaky modes and both 3 and n.;s are complex and imaginary part of n.s; is related to
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the confinement loss. The effective index is associated with the largest possible value of

the propagation constant § for a given frequency.

In contrast to conventional optical fibres however, MOFs can confine light in the core
due to a number of different physical mechanisms. Most common guidance mechanisms
are index guidance (IG) and photonic bandgap guidance (PBG) [2], discussed further

below.

2.3.1 Index guiding MOFs

The typical cross section of the hexagonal structure MOF with equal sized holes is
shown in Figure 2.4. There are two parameters, A and d/A, used to define the structure
geometry, where d is the hole diameter, and A is the hole-to-hole spacing (pitch). The

omission of the central hole is used to define the solid (silica) fibre core.

FIGURE 2.4: Schematic diagram of the MOF cross section. Note that only two rings

of holes are shown for clarity.

The principle of index-guiding mechanism in MOF relies on the modified total internal
reflection which confines light in the MOF core (shown in Figure 2.5). Similarly to
conventional optical fibres, the effective refractive index of the cladding is lower than
the core, due to the presence of air holes. Thus, the equivalent of step index fibre,
with the refractive index of the core, ncore, surrounded by a cladding (refractive index
Nelad), 1S created. In case of MOFSs, the refractive index of the core iS Neore = Msitica
and the effective index of the fibre n.,q is defined as the effective modal index of the
lowest-order cladding mode (this is a good approximation to the fundamental mode of
an infinitely periodic structure), which is fundamental space filling mode (FSM), so that
Nelad = NErsy- The FSM becomes more confined to the silica regions as the wavelength
decreases [6], and so the effective cladding index increases until npsy =~ ngijicq for

A < A. In the opposite regime when A > A, npgys is given by [22]:

npsm = naird/A + nsilz’ca(l - d/A) (24)
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(a) (b)

FIGURE 2.5: a.) Scanning Electron Micrograph (SEM) of a typical structure of a solid
core index guiding MOF; b.) Simulated fundamental guided mode of the same fibre (2
dB contours)

Therefore, a strong wavelength dependence of the refractive index of the cladding struc-
ture can be observed [7], which leads to the unique properties of MOFs, most impor-
tantly, to an endlessly single mode guidance phenomenon. This was first reported in
1997 by Birks et al. [8] and they showed that a MOF can be single moded at all wave-
lengths. Analogously to the concept of the normalized frequency applied in conventional

fibres, the V-parameter of MOF was proposed in the following way [6]:

2
Vior = A/ nZpr — NEsu (2.5)

This equation implies that the condition for cut-off is Vaysor < 7 [20], [22].

2.3.2 Photonic Bandgap Effect guiding MOFs

The idea of guiding light through a photonic bandgap mechanism originates from the fact
that in periodic arrangements of dielectrics, the propagation of light can be suppressed
at certain wavelengths. The frequency range where propagation is forbidden, regardless
of propagation direction and polarisation, is called the photonic bandgap. By breaking
the periodicity of the cladding (by adding an extra hole to form a defect), it is possible to
confine light within the defect [2], [3]. Such a defect acts as a core in photonic bandgap
(PBG) fibres, as shown in Figure 2.6.



Chapter 2 Background 11

(a) (b)

FIGURE 2.6: a.) SEM of a typical structure of a typical photonic bandgap fibre; b.)
Simulated intensity levels of the Poynting vector of the fundamental mode of the same
fibre

PGB fibres confine light due to the principle of Bragg reflection. Therefore, in order
to understand this concept, we could consider first a Bragg mirror. It is the simplest
device whose operational principle relies on photonic bandgap effect, which consists of
a periodic stack of two alternating dielectric layers. Light propagating in a direction
normal to the layers undergoes reflections and transmissions at each interface. For each
choice of layer thickness and refractive index, maximum reflection is achieved when the
different contributions from each interface are in phase with each other [2]. For an
infinite structure the reflection becomes unity on resonances and therefore, light in a
certain wavelength range can be totally reflected. Photonics crystals with two or three
dimensional periodicity can be analysed as the generalisation of Bragg mirrors [20]. A
photonic bandgap fibre is a 2D photonic crystal i.e. a dielectric with a refractive index
that varies periodically in space, with a period of the order of optical wavelength [4].
In such fibre, for certain values of frequencies and directions, light can not propagate
due to the photonic bandgap effect. In such cases Bragg reflection takes place and light
can only propagate longitudinally down the core (defect). These fibres are the focus of
much research interest as they offer novel properties beyond conventional fibres which
can be exploited in applications such as high power and energy transmission, sensing,

fibre lasers, wideband communication for optical network system etc.

2.4 Introduction to tapered optical fibres

Optical fibres are usually designed and fabricated to be uniform along the direction
of propagation. If a structure changes smoothly in the direction of propagation, light
can pass gradually from one part of fibre structure to another with low loss (otherwise,
abrupt changes in the structure features can cause coupling to higher order modes and
consequently loss in transmission) [23]. A tapered fibre is one with gradually reduced

dimensions in a direction of propagation.
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Conventionally, tapers are fabricated by a process of heating and simultaneously stretch-
ing the fibre in opposite directions. A typical tapering facility that enables short fibre
tapers with two transition regions (smoothly varying sections of a fibre) is shown in Fig-
ure 2.7. This is often done using a flame torch while monitoring the fibre diameter. By
tapering, heated part of the fibre narrows to form a waist that is connected to untapered
fibre ends by taper transitions. For example, the standard SMF is made non-uniform
and the end result is a fibre whose diameter narrows down from 125 pm in two transition
regions of ~ 4 cm to 5 cm length [23]. The length of central region (waist) is usually

limited to 20 ¢cm to 30 cm.

Elongation stage Elongation stage
- —_—
flame

Y

o
Burner stage

F1GURE 2.7: Conventional fibre tapering rig

In contrast to the short tapers described above, long (range between 10 m and 40 km)
tapers have also been manufactured, by the drawing tower technique [26]. In this case,
the fibre is pulled from the heated preform down the tower and the diameter of the fibre
is continuously monitored. By changing of draw speed different tapering ratios can be

achieved.

Microstructured optical fibres can also be tapered, however, whereas SMFs are only re-
duced in scale, in MOF's the holes change size relative to the fibre as a whole [2]. There
have been reported different techniques to control the process of tapering and to charac-
terise tapered fibres (such as optical microscopy, SEM and transmission measurements)
[24] - [27]. Tapered fibres represent a convenient way of generating white light radiation
and e.g. it has been demonstrated [28], [29], that the supercontinuum light with the
spectrum more than two octaves broad (~ 375 nm to ~ 1750 nm) is possible using ta-
pered MOFs. Also, soliton pulse compression was observed using tapered MOFs, where
for example, nearly transform - limited output pulses with duration 90 fs have been
generated from 195 fs input pulse using 8 m of the tapered hollow-core photonic crystal
fibre [30]. The use of tapered MOFs has been demonstrated to control the gain of the
Brillouin signal or to enable Brillouin suppressed frequency shift [31] - [33]. Optical fibre
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tapers have been used in many applications, ranging from pulse compression in a soliton

regime, to the supercontinuum generation [34] - [43].

2.5 An overview of linear and nonlinear effects in optical
fibres

Here I briefly explain the different physical effects that happen during light propagation

down a fibre.

2.5.1 Fibre losses

The first effect we consider is the fibre loss or attenuation. The attenuation constant,
«, is a measure of energy loss during the transmission in the fibre. It is calculated using

the following equation:

10 P
dB = ——log(—= 2.6
ldB/m] =~ log () (26)
where Py is the power launched at the input of a fibre, P; is the transmitted power, L
[m] is the fibre length. Factors that contribute to the loss spectra of a standard fibre are

material absorption and Rayleigh scattering [1].

In MOFs, the major attenuation mechanisms are: absorption, scattering, bend loss and
confinement loss [2], [7], [44]. Since pure silica has a lower Rayleigh scattering loss
than standard germanium-doped fibres, thus pure silica MOFs have potentially lower
loss than standard fibres. To date, small core highly nonlinear MOFs with losses less
than ~ 50 dB/km have been fabricated [2] and an order of magnitude smaller losses
are achievable with larger core designs. However, bend loss becomes the major limiting
factor in the large mode area (LMA) fibres limiting the obtainable mode area at a
given wavelength. Bend loss occurs when fibre is bent beyond a certain critical radius,
which mainly depends on wavelength [44]. Under these conditions all guidance is lost
for wavelengths longer than a certain value, according to the comprehensive study by
Baggett et al. [45]. Moreover, due to the finite size of the MOF structure, modes are
leaky and both the propagation constant and effective index are complex, as implied
previously. Physically, we can imagine the light leaking from the core to the cladding
region through the bridges between the holes [20]. Losses due to the finite extent of
the cladding are confinement losses. For example, the power density of the fundamental
mode has maximum value at the centre of the core and in the cladding the power density
decays exponentially with increasing distance from the core, until the outer boundary of
the cladding is reached. The confinement loss associated with the mode can be extracted

from the imaginary part of the complex effective index and can be calculated as [18]:
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20 x 10° 27
C’L[dB/m] = Wmlm(neff) (27)

For a MOF with a finite cladding, the losses of the fundamental mode are smallest,
which corresponds to the minimum Im(ness), whilst having largest Re(nerr). The
confinement loss is determined by the geometry of the structure and it has been shown
that increasing number of rings in the small core fibre can reduce the fibre loss by
improving the confinement of the mode [18]. Typically, including one extra ring of holes
in the MOF design, leads to the reduction of the confinement loss e.g. from 1 dB/km

to 0.01 dB/km. By careful design, the confinement loss can be made as low as required.

2.5.2 Fibre dispersion

In any material the refractive index depends on frequency and this is called chromatic
dispersion. In an optical fibre there are two effects that account for chromatic dispersion:
the material dispersion (intrinsic to medium and caused by the wavelength dependent
interaction between light and matter) and waveguide dispersion (can be changed to
control the chromatic dispersion). The material dispersion is related to the characteristic
resonance frequencies at which material absorbs electromagnetic radiation through the
oscillations of bound electrons [1]. Far from the medium resonances, the refractive index

is approximated by the Sellmeier equation [1].

Fibre dispersion is of critical importance for the propagation of ultrashort pulses as
different spectral components associated with the pulse travel at different speeds [1]. The
effects of fibre dispersion are expressed by applying Taylor expansion for the propagation

constant about the angular frequency wy:

B(w) = nepp(w)= = fo + Bilw — wo) + %fg(w —wo)? + éﬁg(w —wp)... (2.8)

- =
where: 1 = 1/vg (vy is the group velocity), implying that the envelope of the pulse
moves at group velocity, (o represents the dispersion of the group velocity and is re-
sponsible for pulse broadening (shows how the group velocity of a pulse changes as a
function of frequency), while (33 is the third-order dispersion (TOD) coefficient. Since it
is more common to work in wavelength than in the frequency domain, the group velocity

dispersion (GVD), (33, is often related to the dispersion parameter D, via the equation:

2

Dips/nm/km] = _Ad

2
S lRe(nesy) = -5, (2.9)

If parameter D is negative, this is the normal dispersion regime where the red compo-

nents of the pulse travel faster than the blue components, i.e. positive chirp. Similarly,
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if D is positive, i.e. anomalous dispersion regime, where the red components of the pulse
travel slower than the blue components, i.e. negative chirp. When D = 0, which corre-
sponds to the zero dispersion wavelength, all frequency components of the pulse travel
at the same speed (to lowest order) and the pulse maintains its shape, whilst for D # 0
the pulse spreads in time. This is of high importance in communications as it can lead
to pulse overlapping in time and intersymbol interference, which causes the degradation
of information transfer. In some applications (with broad bandwidth), it is important
how the dispersion changes with wavelength, which is calculated as the dispersion slope

(DS), using the following equation:

DS[ps/nm?/km] = b _ 2me

4
d)\ (7)253 + %52 (2.10)

The waveguide dispersion is strongly dependent on the fibre structure. In MOFs the
waveguide contribution to the chromatic dispersion can be large and is determined by
the choice of d and A. For example, by decreasing the pitch value, A, and increasing the
relative hole size d/A, the zero dispersion wavelength can be shifted down to visible range
[4], [29], which opens a whole new range of applications, such as soliton generation and
propagation [2]. By carefully controlling the structural parameters of the fibre, different
dispersion characteristics of MOFs can be obtained, signifying the unique property of

MOFs in tailoring (shift or flatten) the dispersion characteristics.

2.5.3 Nonlinearities in optical fibres

The response of any dielectric (including optical fibres) to light becomes nonlinear for
intense electromagnetic fields [1]. The origin of nonlinear response is related to the
aharmonic motion of bound electrons under the influence of an applied field [1]. The
total induced electric polarization P is related to the electric field E(r,t) (far from

medium resonances), through the nonlinear equation:

P; = Z eoxij V Ej +Z eoxijr'® E; Ey +Z coXiju P EjEREj+- - = P1+Pa+ Pyt -
J 3k Jik,l
(2.11)

where (i) defines the order and each coefficient is a tensor of rank ¢ + 1 and gy is the
vacuum permittivity. The first order susceptibility is y(*), which represents the dominant
contribution to P, [1], and its effects are taken into account through the refractive index n
and the attenuation coefficient . (@ is the second order nonlinear optical susceptibility
which is zero in a material with inversion symmetry (such as silica), so that Pg is
zero. x®) is the third order nonlinear optical susceptibility. The lowest order nonlinear

effects in optical fibres originate from the third order susceptibility, such as: nonlinear
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refraction, third-harmonic generation (THG), four-wave mixing (FWM). Processes such
as THG and FWM require phase matching, otherwise they are not efficient and so
can in general be ignored. Nonlinear refraction arises from the intensity dependence of

refractive index and is given as:

f(w,|E?) = n(w) + ng| E|? (2.12)

where n(w) represents the linear part which is well approximated by the Sellmeier equa-
tion [1], |E|? is the optical intensity inside the fibre and ng is a measure of the fibre

nonlinearity given by:

ny = iRe( ) ) (2.13)

8n TXXTT

where the optical field is assumed to be linearly polarized so that only one component
ch?;)m of the fourth-rank tensor contributes to the refractive index. Note that nonlinear
refraction is always phase matched and so most nonlinear effects originate from nonlinear

refraction.

The nonlinear refraction leads to nonlinear effects, such as Self-Phase Modulation (SPM)
and Cross-Phase Modulation (XPM). These nonlinear effects are elastic, which implies
that no energy is exchanged between the electromagnetic field and the dielectric medium.
Nonlinear effects that result from inelastic interchange of energy between the electro-
magnetic field and the medium are Stimulated Raman Scattering (SRS) and Stimulated
Brillouin Scattering (SBS).

2.5.3.1 Self Phase Modulation

The simplest effect due to nonlinear refraction is Self Phase Modulation (SPM) in which
the optical field modulates its own phase. It is due to the intensity dependence of
the refractive index in a nonlinear optical medium (optical Kerr effect), in accordance
to Equation 2.12 [1]. For the electric field given by its complex amplitude E(t) =
A exp(—ip(t)) (where Ag is the peak intensity), the phase of an optical field changes by
¢ = (n +no|E|?)koL. The intensity dependence leads to nonlinear phase shift ¢ (t)
given by:

on(t) = 277%2|E\2L (2.14)

where L is the propagation distance. SPM creates new frequencies and can lead to the

spectral broadening of optical pulses, which arises due to the time dependence of the
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nonlinear phase shift ¢y i.e. the instantaneous optical frequency changes across the

pulse (chirp). The frequency difference from its central value wy is given by:

_0oNL o|E|?

ow(t) = ——5; ot

(2.15)
The time dependence dw(t) is frequency chirping. The chirp induced by SPM increases
in magnitude with the distance, implying that new frequency components are generated
continuously as the pulse propagates along the fibre, so that the nonlinear phase shift

becomes [1]:

¢NL(L7t) = ’YPQLeff|'U,(O,t)‘2 (2.16)

where the nonlinearity coefficient y=2 mna/(AAcss), u(L,t) = u(0,t)exp(ionr(L,1)) is
a normalized slowly varying envelope of the electric field and A,y is the effective area.
The input pulse peak power is Py and effective fibre length is L. = (1 —exp(—al))/a,

where o accounts for the fibre losses.

These new frequency components broaden the pulse spectra. Generally, the chirp de-
pends on the input pulse shape. For Gaussian pulses, the chirp rate is linear and positive
over the central region of the pulse, it is negative near the leading edge and is positive
near the trailing edge of the pulse. The chirp gets larger for pulses with steeper edges

[1], as can be seen in Figure 2.8.
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FIGURE 2.8: Top: Normalized intensity for a Gaussian pulse (blue) and super Gaussian
when m=3 (red); Bottom: Frequency chirp dw(t) for Gaussian pulse (blue) and super

Gaussian (red)
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The input pulse chirp in combination with the effect of SPM plays a significant role in
the pulse propagation. A positive input pulse chirp parameter causes increased spectral
broadening, whilst the opposite occurs in case of a negative chirp. For shorter pulses it is
necessary to consider the combined effects of GVD and SPM [1]. The SPM generates new
frequency components that are red shifted near the leading edge and blue shifted near the
trailing edge (positive chirp). In the normal dispersion regime the red components travel
faster than the blue components (positive chirp). Then along with the effect of SPM, this
causes increased temporal broadening. The opposite occurs in the anomalous dispersion
regime, where the interplay between the GVD and SPM leads to the generation and
propagation of optical solitons. In this case, the GVD induced chirp is negative, whilst
SPM induced chirp is positive (also for sech pulses), so that the pulse shape adjusts itself
during the propagation while cancelling out two opposite sign chirp effects. Therefore,
a soliton is formed, a chirp-free pulse that propagates while keeping both time duration

and frequency spectra constant during the propagation.

Tapered fibres are particularly attractive for nonlinear applications, as the SPM is en-
hanced in tapered fibres due to the reduction of the effective area and increase of the

Kerr nonlinear phase shift of the fundamental mode [48].

2.5.3.2 Cross Phase Modulation

The Cross Phase Modulation (XPM) is another result of Kerr nonlinearity in optical
fibres, which arises from the intensity dependence of the refractive index n = ng +
no(|E1|? + | E2|?). Two optical pulses at different wavelengths can couple in the process
of XPM without any energy transfer among them. XPM is similar to SPM but the origin
of spectral broadening is in mutual interaction of the different optical fields of different
wavelengths. XPM initiate different nonlinear effects in optical fibres. For example, in
case of normally dispersive fibre with the specially designed dispersion profile (dispersion
flattened fibre), the modulation instability occurs as the consequence of XPM. The
beneficial applications of XPM modulation include XPM-induced pulse compression,

optical switching etc. [1].

2.5.3.3 Four Wave Mixing

Four Wave Mixing (FWM) describes a nonlinear process in which four optical waves
interact with each other as the consequence of the third order susceptibility x®). Such
process is characterized as a parametric effect as it modulates refractive index. The
origin of FWM is in the nonlinear response of bound electrons of a material to an

electromagnetic field [1].

FWM process involve nonlinear interaction between four optical waves oscillating at

frequencies wi, wo, w3, wg. Generally, there are two types of FWM process. First
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corresponds to the case in which three photons transfer their energy to a single photon at
the frequency w4 = w1 4+ w9 + ws. Second corresponds to the case in which two photons
at frequency w; and ws are annihilated, while two photons at frequencies w3, and wy are
created simultaneously, so that ws + wy = w1 + wse. The efficiency of FWM depends
strongly on the phase matching of the frequency components and consequently relies on
dispersion properties of the fibre. The phase matching condition requires matching of
the wave vectors, i.e. Ak = 0. The particularly interesting is degenerate case, in which
w1 = wo, so that a single input beam can be used to initiate FWM i.e. to generate a

Stokes and anti-Stokes photon:

2Wpump = Ws + Was (2.17)

In this case, the phasematching condition is expressed as:

Ak = (2npumpWpump — NsWs — NasWas)/c =0 (2.18)

where n; is the effective mode index at the frequency w; and c is the speed of light. Note

that due to dispersion 7,ump 7# ns and so FWM is in general not phasematched.

Similarly to stimulated Raman scattering (SRS), the process of FWM can be used to
convert the input light into light at one or more different frequencies [49]. In comparison
with SRS, parametric frequency conversion is more useful as the range of frequencies is
broader and both frequency up-conversion as well as down-conversion is possible. The
gain coefficient for FWM is larger than for SRS [1] and it can be expected that FWM

always dominate over SRS when it is phase matched.

2.5.3.4 Stimulated Raman Scattering

Raman scattering is a phenomenon that results from stimulated inelastic scattering. On
a fundamental level it is related to the scattering of one photon by one of the molecules
to a lower frequency photon, while the molecule makes the transition to a higher energy
vibrational state. A photon of the incident field (pump) is annihilated to create a photon
at a lower frequency (Stokes wave) and a phonon with the right energy and momentum
to conserve the energy and the momentum [1]. Stimulated Raman Scattering (SRS)
is a combination of Raman scattering with stimulated emission, which leads to Raman
amplification. The SRS can occur in both directions of a single mode optical fibre. The

initial growth of the Stokes wave can be described by the equation:

dl
— =gplpl 2.19
5, — 9rlpls (2.19)
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where gg is the Raman gain coefficient, Ig is the Stokes intensity, while Ip is the pump

intensity.

Normalized Raman gain
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FI1GURE 2.9: Normalized Raman gain for fused silica when pump and Stokes wave are
copolarized (After [1])

The Raman gain spectrum for silica, gr(€2), where Q is the frequency difference between
the pump and Stokes waves, shown in Figure 2.9, is found to be very broad, extending
up to 40 THz with a peak located near 13 THz [49]. As long as the frequency difference
Q lies within the bandwidth of the Raman-gain spectrum, the beam launched at the
fibre input will be amplified because of the Raman gain. The maximum gain in silica
is achieved for the frequency component downshifted by about 13 THz from the pump
frequency. SRS exhibits a threshold-like behaviour, implying that significant conversion
of pump energy to Stokes energy occurs when the pump intensity exceeds a threshold
level. For a single mode fibre, assuming Lorentzian shape approximation for the Raman

gain spectrum, the SRS threshold pump intensity is given by:

Acyy
9rLeyy

Ith ~ 16 (2.20)
The threshold pump intensity is inversely proportional to the effective fibre length and
e.g. the typical Raman threshold is ~ 600 mW for a standard telecommunication fibre,
when L.f; ~ 20 km. Note that the Raman effect in optical fibres can be used to amplify
a weak signal if that signal is launched together with a strong pump, such that their
frequency difference lies within the bandwidth of Raman gain spectrum [50]. The Raman
response time of fused silica is extremely short, it occurs over a time scale of 60 - 70
fs. When ultrashort pulses are used (< 1 ps), which have a wide spectrum, the Raman
effect can amplify low frequency pulse components by transferring energy from the high

frequency components of the same pulse. Consequently, the spectrum shifts towards
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the low frequency side as the pulse propagates inside the fibre (self frequency shift -
intrapulse Raman scattering) [1]. The frequency shift increases linearly along the fibre

and it becomes very large for short pulses (it scales with the pulse width as Tj;° 4.

Raman response function hR(t)
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FIGURE 2.10: Raman response function a.) After Ref. [49]; b.) After Equation 2.22

The functional form of the nonlinear response function is given using the following

equation:
R(t) = (1 = fr)0(t) + frhr(t) (2.21)

where (1 — fr)d(t) accounts for the instantaneous electronic and frhgr(t) is a delayed
Raman contribution, where fr = 0.18 (determined using the known numerical value
of peak Raman gain) [49]. Raman response function hg(t) (set by vibrations of silica

molecules induced by the optical field) is deduced from the experimentally measured
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spectrum [49], but also the analytical form of the Raman response function can be used
[1], [50]:

2 2
TLH7) =Ly sin() (2.22)

hr(t) =
R() (T1T22) T2 1

where 7=12.2 fs (1/71 gives the optical phonon frequency) and 79=32 fs (1/7 gives the
bandwidth of the Lorenzian line). Figure 2.10 shows the Raman response function of
fused silica, obtained by using the experimentally measured spectrum (after Ref. [49])

and using analytical form of Equation 2.22.

2.5.3.5 Self steepening and optical shock effect

Self steepening is a higher order nonlinear effect which results from the intensity depen-
dence of the group velocity. It causes an asymmetry in the SPM broadened spectra of
ultrashort pulses as the pulse moves at a lower speed than the wings of the pulse [1].
Therefore, as the pulse propagates inside the fibre, the peak shifts towards the trailing
edge and the trailing edge becomes steeper with increasing distance. Self steepening of

the pulse creates an optical shock and is only important for short pulses.

2.6 Light propagation in optical fibres

In order to study nonlinear effects related to tapered microstructured optical fibres,
including parabolic pulse generation in MOFs or supercontinuum generation in MOF's
etc, it is necessary to consider the theory of electromagnetic wave propagation in optical
fibres. A brief overview of the derivation of wave equation, starting from Maxwell’s equa-
tions, as well as the derivation of nonlinear pulse propagation equation with numerical

solutions, will be presented in this section.!

2.6.1 Maxwell’s equations

All electromagnetic effects are governed by the four Maxwell equations, whose differential
form in case of a dielectric medium when no free charges or currents are present in the

entire domain is [1]:

0B
VxE=-22 (2.23)
oD
V-B=0 (2.25)

'A more detailed derivation can be found in many books, for example Ref. [1].
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V-D=0 (2.26)

where E and H are respectively the vectorial electric and magnetic fields, D and B the
electric displacement and magnetic induction fields. All these fields are functions of both
space and time. All of the cases of interest for this research involve isotropic materials,
and it is often a good approximation to assume propagation in the linear regime. For a
nonmagnetic isotropic medium such as an optical fibre, the flux densities D and B are

related to E and H via the constitutive equations:

D=:E+P B=;H. (2.27)

where € is the electric permittivity and p is the magnetic permeability and P is the
induced electric polarization. For the dielectric materials of interest to us, p can be
assumed to be a constant, equal to its free-space value. The electric permittivity ¢ is
generally a function of frequency (w). The imaginary part of ¢ accounts for material-
related losses (absorption), but in case of low-loss dielectrics such as silica in the near

infrared part of the spectrum, € can be assumed to be purely real.

By applying the operator curl (rotor) on the Equation 2.23 and using Equation 2.24
and Equation 2.27 into the result, the following wave equation for the electric field can
be obtained:

1 9%E o*P

VXVXE=-5G75 ~ gz

(2.28)
where the induced electric polarization P is related to the electric field E(r,t) (far from

medium resonances), given by the Equation 2.11.

The electric field E(r,t) can be expressed in terms of slowly varying envelope approxi-
mation as:

E(r,t) = —2[E(r,t)exp(—iwpt) + c.c.] (2.29)

DO =

where E(r,t) is a slowly varying complex envelope, Z is the polarization unit vector, c.c.

stands for complex conjugate and wg is an angular optical frequency.

The linearity of Maxwell’s equations permits the application of Fourier analysis. By
using Fourier analysis, the wave equation Equation 2.28 expressed in the frequency

domain is in the form of [1]:

V2E + e(w)kiE =0 (2.30)
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where the free-space wave number is defined as:

w 27
ko= - ="__ 2.31
o=2=2 (231)

and the frequency dependent dielectric constant is:
e(w) =1+ (W) +ens (2.32)

where e, is the nonlinear contribution to the dielectric constant (treated as a constant

during the pulse propagation) and is defined by:

3
ENL = ZXSE):EAE(n t)|2 (233)
)Z(l)(w) is the Fourier transform of X(l)(t). Its real and imaginary parts can be related

to the refractive index n(w) and the attenuation coefficient a(w) by the equation:

. tac
e=(i+ =)

o (2.34)

From Equation 2.32, Equation 2.34 and Equation 2.12, the following equations are ob-

tained:

nw) = 1+ S Re[X(w) (2.35)
a(w) = = Im[x" )] (2.36)

where Re and Im are real and imaginary parts, respectively. Since the imaginary part
of e(w) is negligible in comparison to the real part (due to the low losses in fibres), then
£(w) can be replaced by 7?(w) (7?(w) is often independent of the spatial coordinates in

both the core and cladding of step-index fibre), so that Equation 2.30 becomes:

V2E + 2 (w)kiE = 0 (2.37)

A is the vacuum wavelength of the optical field oscillating at the frequency w and E is
defined as: -
E(r,w) = / E(r, t) expiwtdt (2.38)

— o0
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In search for solutions of the optical field, it is useful to use method of separation of

variables, so that the envelope E(r,t) is in a form:
E(r,t) = F(x,y)A(z, t)exp(ifioz) (2.39)

where F'(x,y) is transverse mode distribution, A(z,t) is a slowly varying function of z
and [y = B(wp) is the wavenumber at the carrier frequency. Substitution of Equation
2.39 into the wave equation leads to two equations, for F(z,y) and A(z,t) [1]. The
wavenumber [ is determined by solving the eigenvalue equation for the modes F(z,y),
whilst the temporal characteristics of the optical pulse are obtained using the solutions
for A(z,t). For step-index fibre F'(z,y) is obtained as a solution of differential equation
for Bessel functions (note that in practice, the fundamental fibre mode is often approx-
imated by a Gaussian distribution of the form F(z,y) ~ exp[—(z? + v?)/w?], where w
is the width parameter [1]).

The propagation constant § is generally a complex number, where the imaginary part
accounts for the losses of the mode as it propagates along the fibre. In the case of a
conventional optical fibre, the wave equation with the appropriate boundary conditions
can be solved analytically [20]. However, for MOF fibres, expressing the boundary con-
ditions in an analytical formula is usually very difficult. Therefore, numerical methods
must be applied in order to calculate eigenvalues, eigenvectors and hence the optical
properties of the structure. There are different numerical methods that can be used
to treat this problem, having different advantages or disadvantages. A commonly used
approach is based on the Finite Element Method (FEM). This method is a general
technique for numerical solving of partial differential equations. It is based on discretis-
ing the domain and solving the problem on each subdomain to obtain exact solution
on a discrete number of points. Using a linear combination of basis functions, usually
linear, the unknown field or functions can be approximated. The FEM elements are
flexible from both geometric point of view (easy treatment of any shape of structure)
and the material point of view (inhomogeneous, anisotropic or non-linear characteristics
could be incorporated) [20]. At the ORC a variety of methods for tackling the design
of MOF was investigated and different comparative tests on both accuracy and speed
were conducted. As a result, it was decided that the FEM implementation of Comsol

Multiphyics® represented significant advantages over other methods [22].

2.6.2 Nonlinear pulse propagation equation

In order to be able to observe different nonlinear effects in the MOF and tapered MOF,
it is necessary to solve the pulse propagation equation, which originates from the wave
equation in the frequency domain. To solve the wave equation (Equation 2.30) in the
frequency domain, the method of separation of variables can be used [1], [51]. The

solution of the Equation 2.30 can be assumed in the following form:
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E(r,w — wg) = F(z,y)A(z,w — wo) exp(ifoz) (2.40)
where A(z,w) is a slowly varying function of z, f is the wavenumber and F(z,y) cor-
responds to the modal distribution in the fibre. Preceding the derivation, the following
assumptions are made to simplify the Equation 2.28. Firstly, Pg3 is treated as a small
perturbation to P1 because the nonlinear changes in the refractive index are very small
compared to the linear effect. Secondly, the optical field is assumed to maintain its
polarization along the fibre length so that a scalar approach can be used. Substituting

Equation 2.40 into the Equation 2.37, leads to the following equations [1]:

0’F  O*F 5 =0
w + a—y2 + [E(w)ko - B ]F =0 (2.41)
L 0A - -
21505 +(8 - B)A=0 (2.42)
P?A

where the second derivative 75 is ignored, since fl(z, w) is a slowly varying function of z.
The wavenumber 3 is determined by solving the Equation 2.41 (this gives the modes of
the fibre, as discussed previously). The eigenvalue 3 can be written by 3(w) = B(w)+AS,

where AS is found to satisfy the relation:

[ 2 An|F(z,y)|*dxdy
[ [ |F(z,y)|2dzdy

AB = ko (2.43)

where F'(z,y) is the modal field distribution and x and y are the transverse coordinates.
Equation 2.42 can be well approximated by replacing (52 — 32) with 20, (B — By) as:

O ilBw) + 28— BlA =0 (2.44)

By transforming Equation 2.44 back to the time domain, the propagation equation for
A(z,t) can be obtained. However, it is necessary to know the functional form of ((w).

Note that §(w) can be expanded in a Taylor series about the centre frequency wy as:

Bw) = Bo+ (w—wo)B1 + %(w —wo)?B2 + %(w —wo)3Bs + - (2.45)

where 3, is k' order dispersion coefficient defined as:

dk
Br = (d—wf)wzw0 k=1,---,n (2.46)
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Equation 2.45 reflects the dispersion character of an optical fibre (3, is the group velocity
dispersion (GVD) and (3 is the third order dispersion).

Equation 2.45 is substituted into Equation 2.44 and after taking the inverse Fourier
transform [during the transform w —wy is replaced by i(9/0t)], the resulting propagation
equation is obtained:

2A

0A 0
—br— 8 52 o2 T ﬁ?, 55 T

= = -+iABA 2.4
% +iAG (247)

where AS is evaluated by using Equation 2.12 and Equation 2.43, so that the following

is obtained:

0A 8A 0%A 83A «
— — + —A=iy|APA 2.48
5% +51 52 I 53 55 Tt | A (2.48)
The nonlinearity coefficient + is:
_ Maw F(z,y)|*dzd
cud R o y2 )\ dady (2.49)
o[ 7 \F z,y)|2dxdy)?
Equation 2.49 is equivalent to:
21Ny
v = (2.50)
>\A6ff

where A.gis the effective area, introduced to estimate the optical field concentration
inside the fibre [13], [18]. Ay is defined as:

y f f |F(z,y)|*dzdy)?
eff = f f |F(z,y)|*dzdy

(2.51)

Conventional step-index, single mode fibres have A,y ~ 80 um?, which corresponds
to y ~ 1 W~lkm~!. Smaller values of A.s; enhance the nonlinearity of the fibres and

significantly increase -y, by the strong confinement of light in the core region of the fibre.

Equation 2.48 is called the nonlinear Schrodinger equation (NLSE) and it describes
pulse propagation in an optical fibre. It takes into account the effect of dispersion
through i, the effect of nonlinearity through ~ and fibre loss through parameter a.
The pulse amplitude A is normalized such that |A|? is the optical power. To solve the
NLSE equation it is useful to introduce a new reference (¢,z) (new t is retarded time),
which travels with the pulse at group velocity v, (vy = 1/81). So, the new variable ¢ is
t=t—z/vy =1t — iz, and the NLSE can be written as:
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0A 02A P A, Q.
5t 62 5 53 55 Tt gA=ilAPA (2.52)

Equation 2.48 should also be modified for ultrashort optical pulses (width < 100 fs). The
NLSE equation in the generalized form, which includes the effect of Kerr nonlinearity,
SRS, self-steepening and optical shock effect, in addition to the fibre loss and dispersion,

is given by the following expression:

94 _ﬁ 9?A ﬁ83A+ Lo
2oz 317 o

ol Ga= i1+ -2 9 A(z 1) /Ooo R(E)|A(zt — t)2dt)

wo ot
(2.53)

where R(t) is Raman response function. For broad band application, such as supercon-
tinuum generation, it is necessary to include higher order dispersion terms up to (g
[23], [52].

The retarded time can be normalized with the initial pulse width Ty so that 7 = ¢/Tj
(t - retarded time). The normalized distance is & = z|(2|/T§ and at the same time a

normalized amplitude u can be introduced, when a=0, using [1] :

u(z,7) = Az, 7))/ Py (2.54)

where Py is the peak power of the incident pulse.

Using the normalized amplitude u, the NLSE Equation 2.52, when 83 = 0 and o = 0,
becomes : 5 o
U s 0%u
2 G2 N2 P = 2.
8£+28 iN“lu|*u=0 (2.55)

where s = sgn(f2)=+1 (when 32 > 0) and s = —1 (when 35 < 0) and N2 = yPyT¢2/|Ba].

2.6.2.1 Different propagation regimes

Different propagation regimes can be distinguished in optical fibres [1]. Depending on
the initial pulse temporal width T and the peak power Py either dispersive or nonlinear
effect can dominate along the fibre. Two length scales over which the dispersion or
nonlinearity effects become important for pulse propagation are the dispersion length,
Lp, (Lp = %) and nonlinear length, Ly7, (Lynp = "/LPO)’ where v is nonlinearity
coefficient, defined by Equation 2.50 and (5 is GVD.

In a case if fibre length L is such that L < Lp and L < Ly then neither dispersive
nor nonlinear effects dominate pulse evolution and pulse propagates maintaining its

shape during the propagation. As pulses become shorter and more intense, both Lp
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and Ly, become smaller. If L <« Lp and L ~ Ly, the pulse evolution is dominated
by SPM that spectrally broadens the pulse. The opposite is true, if L <« Ly and
L ~ Lp, when the pulse evolution is governed by the dispersive effect (GVD). For
example, at A = 1.55 pm, parameters of the standard telecommunication fibre are
|B2| =~ 20 ps?/km and v =~ 1 W~1km™!, so one can determine Ty and P, to obtain the
dominant propagation regime. To achieve dispersion dominant regime, P should be <
1 W for 1 ps pulses, whilst to achieve the SPM dominant regime, pulses of temporal
widths T > 100 ps should be used for peak powers of Py ~ 1 W [1].

2.6.2.2 Numerical Solution to the NLSE - the split step Fourier method

There is a number of different methods, [53] - [56], that could be used to solve the
NLSE. The most commonly employed method is the split-step Fourier method (SSFM)
[1], [53]. The SSFM is a pseudo-spectral method which is faster by up to two orders of
magnitude compared to finite difference methods [1]. For the pulse widths of the order
of ps this method is shown to work efficiently and accurately [1], [53]. In this thesis the
SSFM is employed to solve the NLSE to observe parabolic pulse generation in tapered
microstructured optical fibres (Chapter 4 and Chapter 5). This method relies on the
steps that will be explained briefly. Mathematically, Equation 2.52 can be expressed in

the following form:

0A PN
5, = [D+N]A (2.56)

where D is linear differential operator that takes into account dispersion and absorp-
tion in the medium and N is a nonlinear operator that accounts for the effect of fibre

nonlinearities on pulse propagation [1]. These operators are defined as:

p=_¢ _Zﬁz(z)a_2 ﬁ3(z)a_3
2 21 ot? 31 o3

(2.57)

N =iyz) | A? (2.58)

Both the linear and the nonlinear parts have analytical solutions. Under the assumption
that a small step h is taken along z, two parts can be treated to act separately with
only a small numerical error. One can therefore first take a small nonlinear step while
D = 0 and in the second step, dispersion acts alone and N = 0. Mathematically, for

the standard SSFM, the solution of the differential equation at step z = jh is given by:

A(t,z+ h) = IFFT]exp(hD(iw))FFT{exp(hN)A(t, z)}] (2.59)
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where j is an integer, j = 1,2,--- N, number of steps of length h is N = L/h and L is
the total fibre length.

The operation of Dis performed in the frequency domain. By taking the inverse Fourier
transform the pulse has thus been propagated a small step h. Next, the procedure is
repeated so the pulse can be propagated over a total length of L. The Fourier transforms
of this algorithm can be computed relatively fast using the fast Fourier transform (FFT).
The SSFM is accurate to first order in the step size h [53]. The accuracy of the SSFM
can be improved by adopting a different procedure (symmetrised SSFM) to propagate
the optical pulse over one segment from z to z + h. At z = jh the pulse envelope is
described as:
A(t, z+h) = IFFT[exp( D(iw))FFT{A(t,z)}}}]
(2.60)
For the symmetrised SSFM, first the dispersion over a distance h/2 is computed, the

h
2

~ z+h h
D(z’w))FFT{exp(/ N(z’)dz')IFFT{exp(E

effect of nonlinearity occurs at the step mid-point and the effect of dispersion is computed
again over h/2. The integral of nonlinearity operator is treated as a constant as it
accounts for the change of ~ over the step h. This procedure is repeated until the end
of the fibre is reached.

2.6.2.3 Numerical Solution to the NLSE - the Runge Kutta interaction

picture method

In order to simulate supercontinuum generation in the optical fibre, the generalized
NLSE (GNLSE) has to be solved. I used an alternative method to the SSFM to solve
the GNLSE - the fourth order Runge Kutta in the interaction picture method (RK4IP)
[54]. The Matlab code that I have written, which models supercontinuum generation
in tapered MOF (presented in Chapter 6), is based on the mathematical interpretation
that will be briefly explained.

The GNLSE that describes pulse propagation in tapered optical fibre, in the co-moving

frame, can be written as:

0A i 0?A 1 DA @ ) i 0 <, N2

5, TR g gkl gt t5d= Z’Y(Z)(ler—Oa)(A(Z,t)/o R(t)|A(z,t = 1')|7dt)
(2.61)

where A(z,t) is the slowly varying envelope of the electric field, z is the distance along

the fibre, ¢ is time in a copropagating time-frame.

The RK4IP method is closely related to the SSFM and the studies showed that it is the
most accurate and efficient when compared to the standard methods [54]. The RKAIP
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procedure is based on transforming the problem into an interaction picture, which allows

the use of the explicit techniques to progress the solution forward [54].

Similarly to the SSFM method, the GNLSE Equation 2.61 can be expressed mathemat-

ically in the following form:

g—f = [D+NJA (2.62)

where D is linear differential operator that takes into account dispersion and absorp-
tion in the medium and N is a nonlinear operator that accounts for the effect of fibre
nonlinearities on pulse propagation, self steepening, shock effect and SRS effect. These

operators are defined as:

a  Ba(z) * | Ba(z) &

D=—5-"5raet 3ra (2.63)
\J . { 8 o / INI2 g4/
N=iv(:)1+ =)A=t [ REAG, ¢ — )2de") (2.64)
wo 8t 0

In this method the GNLSE is transformed into an interaction picture in order to separate
the effect of dispersion contained in D from the nondispersive terms contained in N.
This allows the use of explicit techniques to propagate the solution. The field envelope A
is transformed into the interaction picture representation A; by the following equation
[54]:

A =exp(—(z — 2 )D)A (2.65)

where 2’ is the separation distance between the interaction and normal pictures (the
more detailed explanation of the method given in [57]). Differentiating the Equation

2.65 gives the evolution of Aj:

0A; N
—— =N;A 2.
0z T (2.66)

where N = exp(—(z—2')D)N exp ((z — 2')D) is the nonlinear operator in the interaction
picture. The differential equation Equation 2.66 can now be solved using conventional
explicit schemes, such as Runge Kutta, as the stiff linear part have been moved into
the interaction picture [54]. The step mid-point is chosen as the separation distance
2 = z+ h/2. The algorithm that advances A(z,T) to A(z + h,T) in a spatial step h,

expressed in a normal picture now, is given by following equations:

Ar = exp(gb)A(z,T) (2.67)
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ky = exp(gf?)[hN(A(z,T))]A(z,T) (2.68)

ko = hN(Af + %)[AI + %] (2.69)

ks = hN(Af + %)[AI + %} (2.70)

ky = hN(exp(gb)(AI + k3))[Ag + k3] (2.71)
A(z+ b, T) = exp(gb)[AI + % 4 % 4 %] 4 % (2.72)

In this method the number of FFTs per step is reduced by half compared to the required
number of FFTs if the classical fourth order Runge Kutta has been employed. Also,
the method has a local error which is a fifth order accurate and is globally fourth order

accurate [54].

The Matlab implementation of the RK4IP method is shown in Appendix D.

2.7 Pulse measuring techniques

In order to be able to better understand the behaviour of pulses propagated in optical
fibres, it is necessary to have well established methods that would provide measure-
ments of the pulses’ electric field (amplitude and phase). This is of importance to the
verification of numerical models and simulations. There are several different methods
used for pulses characterisation applicable in the field of communications. The methods
commonly used at the ORC are Frequency Resolved Optical Gating (FROG) and linear
FROG (1 - FROG).

2.7.1 Frequency Resolved Optical Gating

Measuring the intensity profile in the time domain is much more challenging than in
the frequency domain [58], [59]. The measurement technique that allows the complete
characterisation of optical waveform is Frequency Resolved Optical Gating. This method
is classified as the spectrographic method and the technique requires more postprocessing
of the measured traces and involves an inversion step in which the intensity and phase

are retrieved from a set of measurements. It is commonly used technique in the area of
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pulsed laser characterisation. The operating principle of FROG in shown in Figure 2.11.
The method is based on the nonlinear interaction in a second harmonic generating (SHG)
crystal, between two replicas of the same pulse [58]. The input pulse is split into two
replicas and one passes through variable delay stage. The two pulses are recombined
within the second harmonic generating crystal. At the overlap (temporal and spatial)
between the two pulses after the SHG crystal, the photons are generated at the sum-
frequency of the two overlapping photons [58].

Input pulse E(t)

il

Beam splitter

Camera
o Linear
i Detector
Amray
-+
Variable dalay

FIGURE 2.11: Block diagram of the operating principle of the FROG; After Ref. [58]

The SHG pulse is spectrally resolved with a spectrometer, as an intensity spectrum in a
function of delay between the two replicas of the original pulse. Spectrogram is a time-
frequency distribution of a pulse, or a pair of pulses. The intensity spectrum of a pulse
E(t) is measured after gating as a function of the delay 7 between the gating function

and the pulse under test. The experimental trace is mathematically represented as:

S(r,w) = / B E(t — 7)expliwt)dt |2 (2.73)

The next step is to apply a retrieval algorithm which attempts to find a pulse shape
that would have the same spectrogram as the one that is measured. However, the main
disadvantage of second harmonic generation FROG is that the two-dimensional FROG
trace is a time symmetrical function, which leads to the ambiguity in the direction of

time. This problem could be overcome by taking another measurement of the pulse after
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introducing a certain known distortion (as by propagating through a known dispersive
medium), so that such a pulse will establish a direction of time of the retrieved pulse.
Another disadvantage of this method is that it requires careful free space alignment and
that the method relies on nonlinearities. For these reasons the linear FROG method is
preferably in use within the ORC telecom lab and the same one was used in the work
conducted in Chapter 5 of this thesis.

2.7.2 Linear Frequency Resolved Optical Gating

It has been shown that it is possible to implement the gating with a modulator [60],
instead of relying on nonlinear optics and the technique is commonly known as Linear
Frequency Resolved Optical Gating (I-FROG). This technique was developed in the ORC
telecom lab by Dr M. Roelens and Dr B. Thomsen, [59], and has been used since. The
pulse characterisation throughout the Chapter 5 of this thesis was taken using I-FROG

technique.

Input pulse E(t) m

EAM 0SA

H_ Ry | Glto)

©
delay 1

FIGURE 2.12: Block diagram of the operating principle of a I-FROG; After Ref. [59]

The schematic diagram of this technique, incorporating the Electro Absorption Modu-
lator (EAM), is shown in Figure 2.12. The input pulse under test is split of with an
optical fibre coupler into two replicas. One is the probe signal which passes through
the EAM. The other one, a gate signal, is delayed by a motorized variable time delay
(G(t-7)) stage and used to drive the EAM. The gated signal is spectrally resolved by
an OSA and the resulting signal can be expressed by Equation 2.73. The choice of fast
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photodetector and a broadband amplifier allows creation of the short electrical pulses,
which consequently enables creation of a shorter sampling windows in the modulator.
Electro absorption modulator is suitable as it provides very fast switching speeds and

can be polarisation insensitive [58].

After the measurement phase to acquire a spectrogram, the retrieval of the intensity
and phase of the measured pulses from the spectrogram is performed. In order to speed
up the convergence of the reconstruction algorithm, the retrieved gating function of a
particular spectrogram is fed into the retrieval of the following spectrogram as an initial

guess. The retrieval procedure is explained in detail in [59].

2.8 Conclusion

This Chapter gives a theoretical overview of the main topics that need to be known to

allow understanding of the work presented in this thesis.

An introduction of the microstructured optical fibres, with the emphasis on the guid-
ance mechanisms and most important definitions, as well as an introduction to tapered
fibres, is given. Brief overview of the fundamental properties, materials and fabrication
techniques, is shown. The general background of the dispersive and nonlinear effects in
standard and MOFs is described in this Chapter, too. Nonlinear effects, such as self
phase modulation and stimulated Raman scattering, are briefly reviewed. Furthermore,
for an understanding of the nonlinear phenomena it is necessary to consider the basic
equations that determine the propagation constant and governs the propagation of opti-
cal pulses. The derivation procedures of the wave equation and the NLSE equation are
shown. The nonlinear pulse propagation in optical fibres is simulated using both split
step Fourier method and fourth order Runge Kutta interaction picture method, there-
fore both methods are described in this chapter. The introduction of the techniques for

the complete optical pulse characterisation, FROG and -FROG, is given.



Chapter 3

A Novel Method for the
Fabrication of Optical Fibre
Tapers

3.1 Introduction

Over the past decade the tapering of optical fibres (both step index and PCFs) has
been widely investigated [61] - [67] and have found many applications, particularly in
nonlinear optics. While short (<10 cm) and long (>10 m) tapers have been successfully
manufactured by the flame—brushing [68] and by the drawing tower techniques [26],
no method has been demonstrated for the manufacture of tapers of arbitrary profiles
in the intermediate length range, meso-tapers (MT)!. Flame - brushing technique has
a limited translational range of the elongation stages, therefore only short tapers can
be produced. The total taper length is also restricted by the fibre initial diameter,
target waist diameter, length and temperature uniformity of the hot zone [66], [68].
Moreover, with traditional techniques it is very difficult to achieve accurate control of
the fibre diameter over long lengths and to manufacture tapers with a non-monotonically

decreasing/increasing profile.

Long optical tapers could be used to improve results of the pulse compression in a soliton
system [69] - [74], for parabolic pulse generation in the normal dispersion regime [75] -
[77], supercontinuum generation [78] - [80] or to control many other nonlinear processes,
such as stimulated Brillouin scattering [31], where tapered fibre could be used to control
the growth of the Brillouin signal. The single mode fibre tapers proposed in the literature
and used for applications such as sensors, directional couplers or beam expanders, are

usually short lengths (several cm). The taper shape has to be considered as it is relevant

'Donlagic in Ref. [66] suggested the possible approach.

36
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to the particular application [81] - [83]. Many other applications of tapered fibres were
considered in the literature, from different applications in controlling nonlinear optical
properties of the fibres [84], [85], photonic nanowires fabrication [86], or spot-size and
numerical aperture conversion [87]. The theoretical fundamentals of the tapering fluid
dynamics, as well as the characterisation of the tapering process is explained in Refs.
[88] - [92].

In this Chapter, I present in detail a novel taper rig to manufacture MT and demonstrate
that it is possible to make intermediate - length tapers with potentially arbitrary profiles.
Compared to other tapering rigs which simultaneously elongate the fibre from both ends,
this taper rig feeds in the fibre continuously from one side and heats and stretches it
before respooling it on the far side. This new system is analogous to the tapering method
using the fibre drawing tower, but scaled down to the intermediate fibre lengths. The new
system performs process of fibre stretching horizontally, whilst there is vertical stretching
in the drawing tower technique. Moreover, in the drawing tower technique the control
accuracy is limited, due to the large drawing speeds and large time constant of the
process, which set the controllability to tens of centimetres, which implies that there is
no control when the total tapering length is of the order of 1 m. From this reason, there
is a need to develop a tapering facility capable of producing intermediate length tapers
with the enhanced control accuracy. In addition, we anticipate that this system could
be of particular importance in a soliton compression systems using dispersion decreasing
fibres [34] - [38]. In particular, if the input pulse temporal width of ~1 ps is used, it
yields the dispersion length Lp ~100 m, so that the fibres could be tapered using the
fibre drawing tower method. However, for the input pulse power in the range of ~100 fs,
Lp ~1m, such as in [35], where the efficient soliton pulse compression could be achieved
in a few meters of tapered fibre. In this case it is of high importance to minimize the fibre
length, due to the presence of realistic fibre losses, while maintaining high compression
[35]. This specific application contributes to our motivation and justifies the need for

fabricating intermediate length optical fibre tapers.

Here I show an improved control over the taper diameter when a feedback loop is built
into the system. The optical properties of fibres such as dispersion, nonlinearity etc.,
strongly depend on the fibre diameter, therefore it is very important to have a good
accuracy over the fibre diameter during the tapering process and to reduce the ripple in
it. The accuracy of the system is illustrated on several different tapering experiments.
The examples include a non—monotonically linear profile for the step index fibre, a step-
index fibre taper with a periodically varying diameter profile, step index fibre tapered
linearly 70% at 20 cm length and a linearly tapered microstructured optical fibre with

50% decrease in diameter over the 60 cm length.
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3.2 System Description

The block diagram of the experimental set-up for the fabrication of MT is shown in

Figure 3.1 and the system as set-up is shown in Figure 3.2.

< MH
Pe » MC controller
A
A A
< 50m=: 9cm >e 5cm‘
Optical
Fibr€ O O Tﬁ\ O
O Heatern O
»OO MH oloh
M1 M2
Heater
controller

F1GURE 3.1: Experimental set-up; MH - Measuring Head, MC - Motors Controllers,
M1- feeding motor, M2 - drawing motor

F1GURE 3.2: Photo of the experimental set-up; MH - Measuring Head, M1- feeding
motor, M2 - drawing motor

The tapering rig comprises two rotary controllers which control the feed and draw speed
of the fibre, a heating element, an accurate diameter measuring gauge and a computer
to control the system. The part of the system comprising the controllers is based on a
high performance digital signal processor (DSP), which enables a high control quality,
precise positioning and very low speeds (4.5 - 45 mm/min), using RS - 232 interface

for PC command and communication. The drive can be operated via RS-232 interface
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or independently, if the desired function has been previously programmed via analogue
input. The system has two rotating units - DC motors (M1 and M2) in combination
with optical encoders. The commercial measuring head is based on using a laser beam
to accurately measure (resolution up to 0.1 pum) the fibre diameter, and the signal is
continuously sent to the processor unit. A linear measurement precision of 9.1 um per
motor rotation is achieved with this system. Although the current system does not allow
for easy tension monitoring in the fiber, this might be possible via future improvement
of the system. Due to the high temperature of the ceramic microheater (heater unit
~1500°C), the diameter measurement unit is spaced by a distance l,,, (currently 9 cm)
away from the heater. As a result, there is a pure transport delay in measuring the exit
diameter d, equal to 7 = lv—"; (ve is the exit speed). This delay limits the response speed
of the feedback controller.

3.3 Control Problem Formulation

Generally, the output fibre diameter, d., on the average, is governed by the low of mass

conservation in steady state [66], [68]:

vy
de = (/—d 1
v, f (3.1)

where vy is the preform feeding speed, d is the preform diameter, v, is the fibre drawing
(exit) speed and d, = d is a fibre diameter. However, at any instant of time or distance,
the diameter is influenced by various factors, such as the state of the glass or other
process conditions, in a random manner [89]. Figure 3.3 shows a schematic diagram of

the tapering operation used to build a model for the control problem formulation.

Heater

. = Moo
== g

v A Q_O o ve=T(vdidaT)

FIGURE 3.3: Schematic diagram of tapering operation; vy - feeding speed, d¢ - preform
diameter, v, - fibre drawing (exit) speed, d. - exit fibre diameter, MH - Measuring Head

Equation 3.1 was used to build a Matlab based application that controls the feeding and
drawing motors. During the initialization phase, serial ports for communication with

feeding/drawing motor (M1, M2) and measurement head (MH) are initialized. Next,
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motor controllers are initialized to velocity control mode, so that controllers follow the
speed profile set by serial communication. At the same time, internal controller position
counters are reset to zero. The desired tapering profile is specified as a function of
exit diameter d(1),l € [0, L] as function of the tapering length [. The taper length (L) is
divided into a (large) number of segments, and desired tapering profile across the segment
is assumed to be constant i.e. d;(l;) = d;,i = 1,--- ,N. The length of the segments can
be set according to required precision in specifying the taper shape. Knowing the preform
diameter dy, and desired exit diameter d;, we have the ratio of feeding to exit speed
(vg/ve) determined (dif)2 = Z—i , but the initial value of one of these speeds is arbitrary,
and has to be specified according to the desired tapering time. With one of the speeds,
vy, Ve, specified, the other one is determined according to Equation 3.1. In this way, we
have discretised the continuous taper length space. However, to enable application of
control/signal processing algorithms, sampling in time should be used. Therefore, the
Matlab timer is initialized with sampling period Ts = 0.5 s, and started. On every timer
expire period, measurements of the M1/M2 position, current and velocity are sampled.
The current distance is compared to the segment boundaries, and (precomputed) velocity
setpoint corresponding to the current segment sent to motor controller. Several sets of
measurements on both step index and microstructured optical fibres performed while
testing the system have shown that the fibre cladding variation of the untreated fibre is
within + 1 pm, which is in good agreement with the fibres manufacturers’ specifications.
During the first 9 cm distance (see Figures 3.11, 3.15, 3.16), which corresponds to the
delay between the measuring head and the heater, there is a small diameter variation of

an untreated fibre. In this thesis I have assumed d; = const during tapering.?

There are three possible speed profiles: 1.) Feeding motor M1 speed (vf) remains
constant during the tapering and exit motor M2 speed changes in accordance with
Equation 3.1; 2.) Exit motor M2 speed (v.) remains constant during the tapering and
feeding motor M1 speed changes in accordance with Equation 3.1; 3.) Both the exit
motor and the feeding motor speeds change so that the drawing speed remains bellow
pre-specified limit vg,q.. Figure 3.4.a illustrates the first case, Figure 3.4.b represents
the second case and Figure 3.4.c shows the speed profiles according to the third case.
The case illustrated in Figure 3.4.c is based on the modification of the algorithm, such
that at the point I;, where v4(l;) = ve — Vf = VUgmax, We first calculate the desired
diameter ratio df/d(l;) and the desired drawing ratio v¢(l;)/ve(l;) and then with the
specified "head-room’ parameter hy € [0, 1], the drawing speed can be calculated in the
following equation:
d

Vg = Ve — Vf = vf((wjlc))2 — 1) = hqVimaz (3.2)

2The measurement of the diameter variation of the untreated fibre will be affected by the inevitable
presence of disturbances in the system and therefore it was much simpler to assume constant diameter
of the untreated fibre.
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FIGURE 3.4: a.) Taper diameter and speed profile, vy = const, red - v¢, blue - ve; b.)
Taper diameter and speed profile, v. = const, red - vy, blue - v.; c.) Taper diameter

and speed profile, vy and v. change, green - v,, blue - vy

The second and the third case are particularly useful when we want to achieve higher
tapering ratios (more than 50%), when the major limitation of the first case is that
the maximum velocity of the motors (limited to 5000 rpm) would be exceeded. In the
third case we can see that both feed and exit speed are now changing during tapering,
with desired profile remaining the same but the drawing speed is confined to region
V4 € [hdVimaz, Vdmaz|, Where hg € [0,1]. Using Equation 3.2 we can solve for v, and vy.
For hg close to 1, vy is essentially constant. The tapering time depends only on the exit
motor speed and therefore the first taper case is the fastest of the three possible profiles.
The second taper case should be used for deep tapering when the first can not be used

because it would lead to the motor speed exceeding the 5000 rpm limitation.
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FI1GURE 3.5: Family of static gain characteristics

The third tapering case is characterized with nearly constant drawing speed vy, therefore
a constant fibre tension is provided. However, steps in this profile can provoke oscillation

in the system which could reduce the tapering quality.

Since during the tapering feed diameter d; and feed motor velocity vy are kept constant,
the relationship between the exit diameter d. and the exit velocity v, is d. = ¢/+/Ve,
where ¢ = dy, /vy, it is possible to plot the family of static gain (d./ve) characteristics,

shown in Figure 3.5.

Figure 3.5 (top) shows the d. as a function of the exit velocity v, for a range of feed
velocities vy. Figure 3.5 (bottom) shows that the slope of these characteristics changes,
too. We can use the first characteristics to find the feed speed for which the desired
tapering ratio is in the middle of the curve range. Also, we can use the bottom family
of curves to find the exit speed for which the change of the curve slope is small. If the
change of the slope is large, this will lead to difficulties with feedback control (as the

gain of the control system changes).

Figure 3.6 shows the range (minimum, maximum) of the exit diameter as a function of
a feed motor velocity and it enables us to choose an appropriate vy so that we could
achieve the desired tapering ratio. Figure 3.5 and Figure 3.6 do not allow for unique
determination of [ve, v¢] for a given tapering ratio. Figure 3.5 shows that with smaller
feed speed we have larger change in the slope of the curve d. = f(v.), implying that the
tapering system is more sensitive to uncontrolable speed changes. From Figure 3.6 we

see that for the deeper tapering maximum feed speeds are limited from above.
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FIGURE 3.6: Range of the exit diameter as a function of the feed motor velocity
3.3.1 Control feedback loop design

In order to obtain consistent transmission properties along the taper length, the fibre
must be tapered very precisely. Therefore, the control feedback loop is designed, aiming
to suppress the unwanted diameter fluctuations. The block diagram of the implemented
taper control system is shown in Figure 3.7. Generally, the control system task is to
track the desired profile and eliminate disturbances represented by the signal vg, [85].
In Figure 3.7, the signal which represents nominal value of the fibre diameter dg.s, in
addition with (constant) feed diameter dy and feed speed vy, is used to calculate the

exit motor speed reference v., according to Equation 3.1.

ny dy

Tapering | dem
> model
+ .
% Controller 46_04%7 Meﬁ::(rjlng
Vf¢ df¢ N ‘
Desired | digs| Speed |ve| Exit motor |
profile | | profile > Xi {
vi | Feed L,—' Tapering
motor

F1GURE 3.7: Block diagram of the tapering control system

This speed is used to predict the exit diameter d.,, and compare it to the measured
exit diameter d.. The difference e = d.,,, — de, representing an error, is fed back into
a controller block and used to calculate the correction speed v,. The correction speed

v, is added to the v, and sent to the exit motor. The disturbance might have changed
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vy, ve and dy, but we will assume that there exist equivalent exit speed disturbance vg,
which if should have been applied it would create same change in the exit diameter. The
control system task then is to cancel the effect of the disturbance signal vy by the way
of changing v,. If we assume that due to the effect of disturbances affecting the exit

speed ve, the exit diameter d. is changed by e, then Equation 3.1 requires that:

And dividing it by Equation 3.1 we obtain:

de Ve + Vg
=/ 3.4
de +e Ve (3-4)

Solving for v, from Equation 3.4 one obtains:

de
r = Ve(———= — 1 3.5
e = el ) (35)
or after normalizing e with d,:
de — (de + €)? 1-01+F)
v =T R) (TR (3.
(de +€) 1+

Equation 3.6 states that to cancel the effect of disturbances resulting in diameter error,

e, exit speed has to be modified by v,.

As in the real system the measurement of the exit profile is located at a distance [,
from the heater, there is a pure transport delay 7 in the tapering that is determined
with the exit speed. Therefore, the model described by Equation 3.1 is augmented
with a pure transport delay 7. From the open-loop step response measurements, it has
been determined that the disturbance signal has a constant term in addition to several
harmonic components located in the frequency range between 1/1000 s and 1/10 s.
To effectively cancel a DC type of disturbance one needs to include PI (Proportional
Integral) controller in the feedback loop. The PI controller’s transfer function in the
complex (s) domain, with Up;(s) the Laplace transform of the controller output ups(t)
and F(s) the Laplace transform of the exit diameter error e(¢), is described by:

Upr(s) _Kr 1 1 KpKr+s 1 (s+a)

— 2T a=KKp (3.7)

Gpi(s) = E(s) s +K—p_KP s - Kp s

The controller has two tuning parameters: (inverse) proportional Kp and integral gain
K7. The product of Kp with K; is labelled v and determines the frequency where the

integral action effectively stops being active.

If we choose K; = 27/2000 and Kp = 2 the transfer function of the controller is:
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Upi(s) _ 55+ 0.006283 (3.8)

Gri(s) = E(s) s

The Bode diagram of Equation 3.7 is shown in Figure 3.8. For low frequencies, controller
magnitude slope is —20 dB/dec, up to a frequency w = o = 0.006283 rad (f = 1073 Hz),
where the controller zero becomes active, reducing the controller action to pure propor-
tional 1/Kp = 0.5 = —6 dB.
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F1GURE 3.8: Bode diagram of the PI controller

To implement the PI controller as a software controller, we have to find the discrete
time equivalent of the Equation 3.7 for a selected sampling time Ty (set to Ts = 0.5 s).
Chosen sampling period enables a small discretisation error with respect to the analogue
controller without setting too restrictive real time requirements on a Matlab application
which implements the controller. This can be achieved by applying the method of finite
differences on the controller transfer function in Equation 3.7. Firstly, we rearrange

Equation 3.7 such that we obtain:

sUpr(s) = KLPSE(S) + KLPaE(s) (3.9)

Secondly, the backward difference method is applied by approximating the first order
differential with a first order difference operator (dx/dt = sX(s) — x(0) = w)

to Equation 3.9 and we have:

’u,p](k?) — ’u,p](k — 1) i 1 e(k) — e(k: — 1) 1
T % T + K—Pae(k:) (3.10)




Chapter 3 A Novel Method for the Fabrication of Optical Fibre Tapers 46

where e(k) is the discrete time equivalent of the error and ups(k) is the discrete time

equivalent of the controller output. From Equation 3.10 we finally obtain:

upr(k) =upr(k—1) + Kip(ﬂe(k) —e(k—1)) (3.11)
where 8 =1+ Tsa.

After the Z transform applied to Equation 3.11, we obtain:

Upi(2) = > Upi(2) + Kip(ﬁE(z) — 2B (3.12)

where 27! is the delay operator.

Finally, the noise filter is added, to limit the highest frequency where controller is still

active. The noise filter transfer function is:
U(s)

— __Ynf

For wy s = 4a Bode diagram of the noise filter is shown in Figure 3.9.
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FIGURE 3.9: Bode diagram of the noise filter transfer function, blue - continuous time,
red - discrete time

After applying the backward difference scheme on the filter transfer function, we get:

u(k) = yu(k — 1) + oupr(k) (3.14)
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where v = m and § = % After the Z transform applied to Equation 3.14,

we obtain:
U(z) = v2 U (2) + 6Up1(2) (3.15)

The transfer function of the controller is then obtained by multiplying Equation 3.12
with Equation 3.15 and Bode diagram is shown in Figure 3.10.

In summary, a software PI controller with a NF (Noise Filter) filter can be implemented

using two equations:

upt() = wpy (k= 1) + 7 (Belk) = el ~ 1) (3.16)
u(k) = yu(k — 1) + oupr(k) (3.17)

and a PI controller with noise filter has three tunable parameters: integrator gain K7y ,

proportional gain Kp and noise filter cut off frequency wy.

The relevant bits of the code for the control of the taper fabrication that I have written

in Matlab, are given in Appendix B.
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FiGURE 3.10: Bode diagram controller, blue - continuous time, red - discrete time
Ts = 0.5s, when K; = 27/2000, Kp = 2 and w, = 4«

3.4 Experimental Analysis of Optical Fibre Tapering

In order to test the system I tapered both step index fibres and microstructured optical

fibres with a number of well specified tapering profiles. Figure 3.11 shows a non -
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monotonically varying diameter profile, where the fibre diameter changes from 125 pym
to 112.5 um in the taper transition regions (10% change in the fibre diameter), over the

length of 1 m.
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FI1GURE 3.11: The non-monotonically linear profile, feedback on.
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F1GURE 3.12: Tapering error and error mean and standard deviation, green - no feed-
back, blue - feedback.

The comparison of the experimental measurements with and without feedback control
(see Figure 3.12), shows that the tapering error (calculated as the difference between

desired and measured fibre diameter) is within +2 pgm for the most of the time with active
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feedback control, whilst it is in the range of 5 um when there is no feedback control
of the diameter. For the case of applied feedback the mean error value is —0.26 ym and
standard deviation is 0.75 pm, while for the case when there is no feedback applied the

mean is —1.1 ym and standard deviation 1.48 pm.

This clearly shows the benefit of the feedback loop. However, due to a large measure-
ment delay (= 3 min) due to the distance between the heater and the measuring head,
the feedback loop reduces only the effects of slow variations developing over a period
greater than ~ 3 min. With the equipment currently available the distance between the
measuring head and the heater can not be reduced as high temperature can damage the
measuring gauge. This drawback could be improved by choosing an alternative (faster)
way to monitor the fibre diameter and thus maximizing the dynamic response of the

control loop.

Many sets of experiments were done to find the optimum parameters of the PI regulator
and noise filter. Figure 3.13 shows the tapering error and the mean error value for three
different sets of values of K7, Kp and w,,s. The results show that the minimum tapering
error can be achieved with K = 27/2000, Kp = 2 and wy, s = 27/500.

Tapering error [m]

Distance [m]
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FI1GURE 3.13: Tapering error and error mean and standard deviation for 1 m taper
length, green - w,y = 27/500, K7 = 27/2000, Kp = 2, blue - wyy = 27/1600, K1 =
27/3200, Kp = 2, red - w5 = 27/500, K1 = 27/3000, Kp = 2.

Figure 3.14 shows the experiment of tapering a step - index fibre with the periodically
varying diameter profile tapered along 60 cm length. The diameter variation of a step -

index fibre tapered linearly 70% along 20 cm length is shown in Figure 3.15.
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FIGURE 3.14: Step - index fibre taper with a periodically varying diameter profile, red

- desired diameter+1%, green - desired diameter-1%.
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FIGURE 3.15: Step - index fibre tapered linearly 70% at 20 cm length, red - desired
diameter+1%, green - desired diameter-1%.

In another experiment, using the feedback control system, I tapered a solid core MOF
along a 60 cm length with the tapering ratio of 50% (Figure 3.16), where the speed
profile was such that the exit motor speed remains constant and the feeding motor speed

changes according to the mass conservation law. The corresponding tapering error is
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shown in Figure 3.17, with a mean error of 0.09 um and the error standard deviation is
1.68 pm.
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FIGURE 3.16: Taper diameter profile (50% tapering)
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FIGURE 3.17: Tapering error and error mean and standard deviation

Of interest in this case is the reduction of the relative hole size as the outer diameter

reduces. Using SEM images I examined (using the program described in the Appendix A,
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which automatically determines the MOF geometry parameters) the structural change
of the taper along its length, shown in Figure 3.18. It can be seen that up to a tapering
ratio of ~ 10%, the air-filling factor (d/A) of the MOF remains unchanged. This has
been confirmed by the observation of the SEM images of different tapers (for brevity
reasons, the SEM images of one taper are shown here). I anticipate that even very small
variation in the structural parameters can cause large change in both the dispersion
and/or nonlinearity, however at this stage of the development of the system the only
method that was available to use was the SEM destructive measurement. Therefore, this
assumption that the structure parameters of the fibre are preserved in the transition, is

the approximation used in this thesis.

(c) (d)

FIGURE 3.18: SEM images at the a.) taper start, scale 20 pm; b.) 30 cm from the

start, scale 10 pm; c¢.) 50 cm from the start, scale 10 pm; d.) taper end, scale 5 ym

It can be observed from Figure 3.18 that for tapering ratios >10% d/A changed. In the
example given, d/A is 0.95 at the beginning of the taper, 0.92 after 30 cm tapering length
and 0.54 after 50 cm. The pitch values are: 1.8236 pum at the beginning, 1.084 pm after
30 cm and 0.5234 pm after 50 cm length. Although the hole collapse was observed at the
taper end due to the high tapering ratio, it can be avoided by reducing the temperature
or by applying pressurisation (this is a future direction for system improvement) in the

fibre’s holes. The result shows that it is possible to produce shallow tapers over long
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lengths whilst maintain structural integrity and hence that it would be possible to change
the dispersion of the fibre significantly (over the first 10 cm the dispersion changes from

173.67 ps/nm/km to —126.93 ps/nm/km) along the taper in a predictable way.

3.4.1 Experimental Set-up Including the Optical Fibre Coating Sys-
tem

Despite achieving very good accuracy in tapers fabrication using the tapering facility
introduced above, the drawback of the proposed tapering system was the lack of a re-
coater. Although bare fibres can be handled with care, they are extremely fragile and
potentially can not be incorporated into practical devices. Therefore, need to incorpo-
rate fibre coater into the tapering rig has been identified and addressed. The commercial
optical fibre recoater was incorporated into the system. The block diagram of the ex-
perimental set-up incorporating the recoater, for the fabrication of metre-length fibre

tapers, is shown in Figure 3.19.

< MH
PC MC controller
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i S
Sem’ 9cm
Optical () i [ e w
Fibi® [l
8 Heate @ %
00 MH QO
M1 M2
Heater Coater
controller controller

FIGURE 3.19: Experimental set-up with the inclusion of the optical fibre coating sys-
tem; MH - Measuring Head, MC - Motors Controllers, M1- feeding motor, M2 - drawing

motor

The system comprises components already introduced in Figure 3.1 (two DC motors,
measuring head, ceramic microheater), with the inclusion of the optical fibre coating
system after the measuring head. The coater is designed to overcoat optical fibre with
a UV cured material and ultimately to improve the strength of the fabricated taper.
The operating principle of the fibre coating system starts with the phase in which fibre
passes from the fibre feed reel into the input guide roller. The guide roller is positioned
such that the fibre can pass directly through the coating polymer. Then the fibre passes
the UV LEDs which are used to cure the applied coating material. The fibre feeds out
of the coating station to the output fibre guide.
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Figure 3.20 shows the diameter variation of the step-index fibre tapered linearly 10%
along 2 m length and consequently recoated.> The significant diameter variations can
be observed in the beginning of the tapering due to some problems with the alignment
of the coating system with the feed and exit motors of the tapering rig. The origin
of the oscillations shown in Figure 3.20 is in the inappropriate manual handling of the
fibre while it was passing through the motorised stages. Nevertheless, the expected
effect of increasing the fibre strength and robustness was achieved and a long taper (2m
length) was successfully recoated after the fabrication. This is a promising result as the

fabricated tapers could be handled and delivered to the potential customers.

desired
measured

Diameter [um]

Distance [m]

FIGURE 3.20: Diameter profile of the step - index fibre tapered linearly 10% along the
2 m length

3.5 Conclusion

In this chapter a novel system for optical fibres tapering is presented. In comparison
with systems shown to date, the novel system has the advantage of increased control over
the desired taper profile and enables efficient fabrication of intermediate taper lengths
(few tens of cm to ~10 m) of arbitrary profiles. I have demonstrated a design of the
feedback loop for the enhanced control of the output diameter variation. The system has
been tested in many different examples and presented results show that the variation of
the fibre diameter is within 1%, which offers possibilities to use the system in different
applications. The experimental results of tapering of both step index and MOF fibres

are shown with the statistical parameters of mean error and error standard deviation.

3The optical coating system became available at the time when the equipment was about to be moved
to a new laboratory, therefore the system had to be dismounted and transferred. This tapering result is
presented for the illustrative purposes, to show the capability of the new recoating system.
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These results show values for mean error close to zero when the feedback is applied and

low value of standard deviation in all cases is being demonstrated.

There are several important points arising from tapering using novel tapering rig. Firstly,
active feedback is essential to reduce the error in the diameter variation of the fibre taper.
Secondly, tapering of MOF's is possible without changing d/A for shallow tapers. Finally,
using this method large changes in the fibres dispersion can be produced in a controllable

fashion.

The main developments that have taken place, leading to a clearer understanding of the

general problem and to some innovative results can be summarised by:

1. Design and setting - up the experimental tapering facility for fabrication of inter-

mediate length tapers;

2. Generating Matlab script, based on the control system approach, to control the
fabrication of tapered fibres (Appendix B); Development of different speed profiles
that could be implemented in accordance to the desired taper profile or tapering

ratio;

3. Designing the control feedback loop to enhance the control over the taper diameter

variation;

4. Generating Matlab script for automatic post - processing of the SEM images, for

the determination of the MOF fibres geometry parameters (Appendix A).



Chapter 4

Numerical Investigation of
Parabolic Pulse Generation in
Tapered Microstructured Optical
Fibre

4.1 Introduction

Parabolic pulse generation has been the focus of much research activity (both theoretical
and experimental) over the past years [75] - [77]. Due to the interaction between dis-
persive and nonlinear effects on a high intensity pulse in the normal dispersion regime,
propagating pulse suffers wave breaking, manifesting itself as oscillations on the pulse’s
tail [1], [93]. However, if the pulse possesses a linear chirp such that the rate of change
of the time separation is the same for all parts of the pulse, the pulse preserves its
shape [94]. Linearly chirped parabolic pulses can be efficiently compressed and are used
in many telecommunications applications such as optical regeneration [95] or temporal
Fourier transforms [96]. Such pulses are also useful for applications such as pulse com-
pression, and indeed compression of picosecond parabolic pulses down to femtosecond

range have been experimentally demonstrated [95], [97].

Different approaches to the generation of parabolic pulses have been studied and include:
optical amplifiers [98] - [101], similariton lasers [102], [103], dispersion decreasing fibre in
the normal dispersion regime [104], [105] and fibre gratings [95], [97], [106]. Applications
requiring high power parabolic pulses often rely on an optical amplifier as parabolic
pulses are automatically generated in these amplifiers. On the other hand, there is
a range of applications, particularly related to optical signal processing, where a high

signal power is undesirable, since it requires a high power pump source and adds costs

56
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and complexity to the system [107]. Another drawback of using an active system is that
it introduces amplified spontaneous emission noise. Hence the need for other ways to
generate parabolic pulses using passive fibres. The passive methods to generate parabolic
pulses described above usually require relative long lengths of fibre (> 1 km) and are
suitable for picosecond pulse widths (> 1 ps). In [108], however, it was shown that using
a comb-like dispersion decreasing profile also leads to parabolic pulse generation, in a few
metres of fibre. Such comb-like profiles are complicated to produce (relying on multiple
splices) and hence, there is a need for a different approach for efficient generation of
parabolic pulses in relative short lengths and with the flexibility of coping with differing

input pulse widths and energies.

I chose to investigate tapered optical fibres, since, as it was pointed out in [99], [105],
[109], that in a system described by the ideal lossless nonlinear Schrédinger equation
(NLSE) with decreasing dispersion, optical pulse evolution is formally similar to that of
a medium with a constant gain. As a consequence, an asymptotic self-similar parabolic
pulse solution is found to exist in a dispersion decreasing fibre with normal group velocity
dispersion i.e. a taper [109]. Using a linear dispersion profile parabolic pulses are
generated after a finite propagation length, with the parabolic pulse remaining stable
for some length before becoming distorted. Formally my approach doesn’t correspond
to an asymptotic self-similar parabolic pulse, since I used a linear taper profile and not
a hyperbolic dispersion profile. However, a linear taper profile is a good approximation

to the hyperbolic dispersion profile in the case of shallow tapering.

We use MOF's as the tapered fibre because they are characterized by the exceptional
optical properties and tapered MOF's have been used in various applications. Therefore,
tapered MOFs have attracted our interest to investigate parabolic pulse generation in
such fibres, aiming to find a way to efficiently generate parabolic pulses in relatively
short fibre lengths, with the flexibility of coping with varying input pulse widths and

energies.

This chapter starts with introducing the theoretical background of the parabolic pulse
generation in the normally dispersive optical fibre, which relies on the theory of self
similarity. It was first described by Kruglov [99] and his derivation is summarised be-
low. According to this theory, in a system described by the ideal lossless NLSE with
the hyperbolic profile dispersion decreasing optical fibre, optical pulse evolves into a
parabolic pulse after a certain propagation length. This theoretical introduction was
used for understanding the fundamental principles of parabolic pulse evolution and the
derivation of analytical expressions. Next, I investigated parabolic pulse evolution in ta-
pered normally dispersive MOFs and the results of modelling and simulation are shown.
I have identified two normal dispersion regions, and outlined a procedure for choosing
the parameters of the taper profile for efficient parabolic pulse generation. Then in
Section 4.3, based on the numerical solution of the NLSE, I show how initial Gaussian

pulses of various input powers and widths evolve into parabolic pulses with a linear
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chirp, for two different tapers. Results are quantified using the misfit parameter, which
measures the root mean square error between the propagated pulse and its parabolic fit
in the time domain. The procedure enables efficient determination of the best parabolic

fit and taper’s length, for a wide range of initial pulse parameters.

4.1.1 Theory of self-similar propagation in normally dispersive optical
fibre

The basic principle behind the parabolic pulse generation in a passive optical fibre relies
on the theory that in a system described by the ideal lossless nonlinear Schrédinger
equation with decreasing dispersion (taper), optical pulse evolution is formally similar
to that of a medium with a constant gain [99], [105], [109]. When a high intensity
optical pulse is launched into the fibre, the pulse evolves into a linearly chirped, parabolic
pulse in which the nonlinear chirp introduced by the self phase modulation is linearized

gradually by normal group velocity dispersion.

In this chapter the relevant parts of the derivation' of the parabolic pulse envelope for
the normal dispersive hyperbolically tapered fibre will be shown. The propagation of
optical pulses in a normal dispersion decreasing fibre is described by the NLSE in the
following form [99], [105], [109]:

DA By DA _—

where A(z,t) is the slowly varying envelope of the pulse in the copropagating frame,
D(z) describes variation in the group velocity dispersion due to dispersion tapering and
is normalized such that D(0) =1 and (2 > 0. The nonlinearity coefficient is considered

to be uniform along the taper length.

Using the new variable: (= D(2')dz', we have 8¢ = d([; D(2')dz') = D(¢)dz. Then,
0z = 9¢/D((), which is substituted into the Equation 4.1 and we get:
0A [ %A

D% ~ 5 P g trlAFA=0 (4.2)

After dividing Equation 4.2 by D(() we have:

OA BPA . v,
94 3 0°A A2 A= 4.
5 " 292 "o A 0 (43)

Another change of variables could be introduced [99]: (¢, t) = A((,t)/+/D((), so that:
A(¢,t) = /D(C)((,t) can be substituted into Equation 4.3.

More details of the derivation steps can be found in Ref. [99].
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This transforms Equation 4.1 into a NLSE with constant coefficients and an effective

gain depending on ¢ [99].

i————+v|¢\2¢=i$w (4.4)

where:

1dD  1dD

(C):_Bd_c =D ds (4.5)

With I' > 0 since D is a decreasing function (dD/dz < 0), so the right hand side of

Equation 4.4 adds gain to the normalized pulse amplitude.
With the choice of a hyperbolic dispersion profile D(z) = 1/(1+Tz), the gain coefficient

becomes constant [109]:

1 d 1 —I'y

ﬁ(Hl}Oz) dz ( 1+ Foz) (1+To2) (14 Tpz)? 0 (4.6)
Equation 4.4 becomes:
Y Pa I Ty
5, =5 gr VVFvTigy (4.7)

Following this derivation, it is anticipated, [99], that there will exist a linearly chirped
solution to Equation 4.4 that, after some period of initial evolution, scales self-similarly
as it propagates in z. A self-similar solution, by definition [99], is one in which the
functional form of the solution is invariant so that the solution at one point (space or
time) can be found from a solution at another point by a similarity transformation.
To find such solution, the field can be expanded in terms of an amplitude and phase:
P(z,t) = q(z,t) exp [ip(z,t)] and be substituted into Equation 4.7, which leads to the a

pair of coupled equations in ¢ and ¢, as follows:

dq dqgdp [y 0%¢ Ty

7. Dot lgr Tl (4.8)
B2 00, 00, g 4

Mathematically, self-similar solutions are found by the technique of symmetry reduction
[99]. This involves reformulating a problem in terms of a certain combination of the
original variables (similarity variables), so that the number of degrees of freedom of the
system is reduced. This means that the original problem of solving partial differential
equations can be changed into a problem of solving a system of differential equations.

In general, the similarity variables can be found using techniques based on Lie algebra
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theory [99]. Kruglov et al. [99] constructed the symmetry variable based on the combined
results of high intensity wave breaking free propagation in normal dispersive fibres and
those obtained for radial pattern formation in a laser cavity. The NLSE with gain
(Equation 4.7), can be analyzed using symmetry reduction. The solutions obtained
in this way represent exact self-similar solutions which appear in the asymptotic limit

zZ — OQ.

The coupled equations Equation 4.8 and Equation 4.9 can be simplified with the as-
sumption of self-similar evolution in the dispersion decreasing fibre. The key step in
self-similarity analysis is to reduce number of degrees of freedom of the system by rewrit-
ing these equations in terms of carefully chosen combinations of original variables. The

searching for linearly chirped solution is conducted in the following form [99]:
q4(z,t) = f(2)F(z,t) = f(z)F(v) (4.10)

$(z,) = p(2) + C(2)? (4.11)
where self-similarity variable v is in the form:

v = f2(2)exp(~Tg2)t (4.12)

f(2) has the same dimensions as A(z,t) and describes the evolution of the peak amplitude
of the pulse with propagation distance z, whereas F'(v) is a normalized, dimensionless
function that describes the evolution of the temporal profile. The phase term ¢(z) and
C(z) are the z-dependant phase offset and chirp parameter. The explicit form of the
amplitude term was found based on the constraint that, for the particular choice of v,
the energy conservation integral is satisfied [99]. After substitution into Equation 4.8

and Equation 4.9, these become:

d r
d_]; :52f0+70f (4.13)
dC  v? 1d 2d°F

Thus, by reducing the number of degrees of freedom, the original problem involving
partial differential equations has been reduced into a system of ordinary differential
equations. These equations can be simplified in the asymptotic limit, allowing explicit
analytic solutions for F| f, o and C' to be obtained. The term proportional to ‘2271: can

be neglected as z — co. Equation 4.14 can be simplified into two coupled equations [99]:

d
(26,C* — d—f)%exp(ZFoz) =ay (4.15)
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1 dy
—— = 4.16
From the derivation of Equation 4.15 and Equation 4.16 it follows that the solution for

F(v) has the following form:

V1= a2, < L
Fv) = w VIS g
0 elsewhere

where a is a constant that depends on the input parameters and F' obeys the normal-

ization condition F'(0) = 1.

Equation 4.13 is substituted into Equation 4.15, leading to the equation:

d 1df 1df Ty ) -
a(?%) - 2(?£ - 7) + Baay fPexp(—2L0z) =0 (4.18)
which has the solution [99], [109]:
f(2) = qoexp(Loz/3) (4.19)

where ¢ is a constant (peak amplitude) that depends on the parameters of the system.
The form of f(z) given by Equation 4.19 can be substituted into Equation 4.12, yielding

the explicit form of self similarity variable v = ¢3 exp(%)t.

Substituting Equation 4.19 for f(z) and Equation 4.17 for F'(v) into Equation 4.10 yields
the asymptotic evolution of the amplitude ¢(z,t) (parabolic pulse), which can be written

as:

F_O . t2 . <
o(2.t) = qoexp(3z),/1 ) if |t]< To(2) (4.20)

0 elsewhere

where Tj is the pulse width. To determine the general form of the phase of self-similar

pulse, solution for f(z) Equation 4.19 is substituted into Equation 4.13, which gives the

following:
Lo
C=——— 4.21
7 (4.21)
©(z) could be derived from Equation 4.16 and Equation 4.11, so that we have:
3yA:  oT r
B(2,8) = o+ D0 epp(220,) - 2042 (4.22)

2T 37 68
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The linear chirp can be calculated as:

_ 9 _To
0ult) = =, = 33,1 (4.23)

Therefore, the self-similar asymptotic pulse solution is: ¥(z,t) = q(z,t)exp [ip(z,t)],
with amplitude defined by Equation 4.20 and phase defined by Equation 4.22. These
results predict that the asymptotic behaviour of the parabolic pulses is related with
the exponential growth of the pulse amplitude and width and are conditioned by the
energy of the initial pulse [99]. The linear chirp is independent of z, but as the pulse is

temporarily broadening, the pulse’s spectral width increases.

Although formally this solution is valid for the hyperbolic dispersion profile, the ap-
proximation of linearly tapered dispersion decreasing fibre is suggested [105]. This the-
oretical introduction was used for clearer understanding of the fundamental principles
of parabolic pulse evolution and provides a background for the investigation conducted
in this chapter. Following this analytical derivation, in the next section we turn to
a practical implementation and observe parabolic pulse evolution in tapered normally
dispersive MOFs.

4.2 Microstructured Optical Fibre and Taper Modelling

Clearly, to investigate MOF for parabolic pulse generation, we need to know how the
optical properties depend on the structure (i.e. to solve Maxwell’s equations). It was
stated earlier that in microstructured optical fibres, light is confined in the core by
a microstructured cladding. The finite element method (FEM), implemented in the
commercial software package Comsol Multiphysics, was used to solve for dispersion,
effective area and confinement loss of the lowest order mode [20], [22], [110]. The geome-
try of the MOF used in the analysis was a hexagonal pattern with 11 layers of holes, (see
Figure 4.1.a). According to a group theoretic analysis [111], [112], a minimum waveguide
sector can be assigned to determine all the modes in a symmetry e.g. Cp, symmetry
class, 6-fold rotational symmetry with at least one plane of reflection symmetry, by ap-
plying the appropriate boundary condition. For the fundamental mode this allows the
restriction of the computational domain to only one quarter of the structure (minimum
waveguide sector, 90°) with no loss of information about the modes, thus saving con-
siderable amount of the computational time [112]. The magnitude of Poynting vector
of the fundamental mode of a MOF, for illustrative purposes, is shown in Figure 4.1.b.
It can be observed that the light is well confined to the core region and penetrates only

slightly into the cladding region.
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FIGURE 4.1: a.) Cross section of the MOF with 11 rings of holes b.) The magnitude

of the Poynting vector for the fundamental mode

Using the mode analysis, where the wavelength is fixed, the propagation constant ( is

calculated, which is related to the effective index of the propagation mode n.sy by:

_ 2T Nesf

7=

(4.24)

where )\ is optical wavelength.

Note that for a finite structure n.ys is a complex number with the imaginary part giving
the confinement loss of the mode [110]. In the FEM analysis, a perfectly matched layer
(PML) to treat the open boundaries is used. Using the complex effective index, the
confinement loss is calculated using the Equation 2.7. The chromatic dispersion is taken

into account through the dispersion parameter D, using the Equation 2.9.

Fibre design using optical property maps has been shown to be a very powerful when the
number of design parameters is limited to two or three, each one plotted on one axis of
a bidimensional rectangular map [22]. In hexagonally structure of the MOF with equal
hole size (as seen in Figure 4.1.a) two parameters (hole size d and pitch A) completely
describe optical properties?. Figure 4.2 shows an optical map of the calculated dispersion
(dispersion parameter D [ps/nm/km]) of various MOFs at 1.55 ym (the wavelength of
interest) as a function of A and d/A. This plot enables us to find the range of values
for A and d/A that would provide normal dispersion regime (D<0) of the fibre. It can
be seen that almost any value of d/A can be used assuming that the correct value of A
is chosen and so we need to choose a range that can be easily fabricated. Importantly,

the dispersion characteristics of any fibre taper can be immediately read off the contour

2Technically, ) is important through Sellmeier equation but we ignore it here. Note that optical map
is calculated for a single wavelength.
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graph as each fibre taper corresponds to a path in (A, d/A) space. However, for ease
of taper fabrication, only vertical paths are considered here as these correspond to fibre
tapers with a constant d/A which can be made by simply heating and stretching the
fibre. More complicated profiles which can be made by pressuring the taper during

fabrication are not considered here.

0.6 0.7 0.8

FIGURE 4.2: Dispersion, D [ps/nm/km]|, contour plot at A=1.55 pum

Since our fibre tapers have a fixed d/A we can compress the 2D map in Figure 4.2 into
a series of overlapping curves as shown in Figure 4.3. From Figure 4.3 it can be seen
that there are several regions of d/A that can be chosen so that a fibre operates in the
normal dispersion regime. I chose to examine three regions with d/A = 0.2, 0.3 and
0.8 respectively, as these regions have a low absolute value of dispersion, (as seen from
Figure 4.3).% Importantly, both the nonlinearity and the third order dispersion differ by
an order of magnitude in the different regions. Thus these regions allow us to observe
the effects of different fibre parameters on the pulse shaping. For these regions the
maximum and minimum values of A were determined in accordance to the constraint
that the absolute value of the dispersion is lower than 40 ps/nm/km (as this level of
dispersion can be acceptable in communications applications), according to Figure 4.3.
Next, the effect of the confinement loss for each region was examined. Figure 4.4 shows
plots of the dispersion and confinement loss versus pitch (A) for a fixed d/A =0.2, d/A
=0.3 and d/A =0.8, respectively.

3Tt can be observed that there is a large number of different d/A and the corresponding pitch values
that can be chosen for the analysis.
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FIGURE 4.3: Dispersion vs. d/A for different A. Yellow shaded regions emphasize the

choice of d/A, which fall in the region of low dispersion for the chosen A parameters.

From Figure 4.4 it can be seen that although the dispersion is limited to the absolute
value of 40 ps/nm/km, the confinement loss changes by several orders of magnitude for
different d/A, being the lowest for d/A = 0.8 and the highest for d/A = 0.2 (as expected).
The results obtained for d/A = 0.2 (Figure 4.4.a) show that although the dispersion is
low, the confinement loss of up to 100 dB/m is the crucial factor making this region
useless for practical experiments. Therefore, I concentrated on the regions of d/A = 0.3

and d/A =0.8, as both the dispersion and confinement loss lie within acceptable limits.

From Figure 4.4.b the parameters of the first taper were chosen, with starting pitch
1.85 pm and finishing pitch 2.2 pgm. In the same manner, from Figure 4.4.c, the pa-
rameters of the second taper were chosen, the starting pitch 1.18 pm and finishing pitch
1.22 pm. Even knowing the starting and finishing values of the dispersion there is still
an infinite range of possible tapers to consider. For the sake of simplicity, a linear profile
for the taper is chosen, determined by fibre pitch at the beginning and the end, from

the equation:

A= (Zma:c - Z)A(O) + ZA(Zmax)

Zmaz

(4.25)

where zpq, is the taper length, A(0) = 1.85 pym and A(24,)=2.2 pm, for case when
d/A = 0.3 and A(0) = 1.18 pm and A(zpq:) = 1.22 pm, for case when d/A = 0.8. In

the normal dispersion regime smaller absolute values of dispersion correspond to larger
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core diameters and therefore taper should be used from the narrow end. Other taper

profiles are possible (such as hyperbolic dispersion profile).
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FIGURE 4.4: Dispersion and loss vs. pitch when: a.) d/A=0.2; b.) d/A=0.3 and c.)
d/A=0.8.

The parameters of the MOF that change with tapering are the chromatic dispersion
(B2, third order dispersion (3 and nonlinear coefficient . Note that it is the effective
area that changes along the taper and hence + does as well. Table 4.1 and Table 4.2
summarize taper parameters for regions d/A = 0.3 and d/A = 0.8, respectively. 52, O3
and -y in function of pitch are used as the interpolation points to calculate the parameters

versus taper length (distance), using linear interpolation.

Alpm]  Ba[ps?/m]  Bs[ps®/m] W lkm™!]
Start 1.85 0.050367 -0.0001886 4.1
End 2.2 0.001167 -0.0000761 4.6

TABLE 4.1: Parameters of the tapered fibre (d/A = 0.3)
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Alpm]  Polps®/m]  Blps®/m] ~[W~Tkm ']
Start 118 0.0436  -0.001131 45.1
End 122 0.00031  -0.0009118 44.1

TABLE 4.2: Parameters of the tapered fibre (d/A = 0.8)

Setting zpmae = 10 m, then the final linear taper profile and change of parameters (s,

B3 and v with the distance, are shown in Figure 4.5 and Figure 4.6 for d/A=0.3 and

d/A=0.8, respectively.
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In this section the suitable linear taper parameters were chosen, following the MOF
modelling and generation of the optical map. Next step in the procedure is to numerically
simulate the propagation of various peak power and widths pulses along the tapers of
different lengths. Consequently, the comparison with the parabolic fit will be performed
and the taper which gives the best parabolic pulse determined. Those steps are presented

in the following section.

4.3 Simulation results and discussion

The propagation of optical pulses in an optical fibre with variable dispersion and non-
linearity is described by the NLSE:

o « Ba(2) %u B3(2) PPu 2.
R K T e i ARG A R (4.26)

where u is the complex electric field envelope, z is the distance along the fibre, ¢ is time
in a copropagating time-frame, « is fibre loss, s is a group velocity dispersion, (3 is the

third order dispersion and « is the nonlinear coefficient.

The NLSE Equation 4.26 is solved numerically, using the symmetrised split-step Fourier
method [53], for the two tapers. In order to quantify the evolution towards parabolic
pulse, the evolution of the misfit parameter M? between the pulse intensity profile | u |?

and the parabolic fit | p |> was computed, using [101]:

wl? = 2124

where p(t) is the generalized expression for the parabolic pulse:

VP, /1 — 22 exp(—iSt?), tl< 2
p(t) = ! rz ez, s (4.28)
0

elsewhere

where P, is the peak power of the pulse, T, is the temporal full-width at half maximum
(FWHM) and C the linear chirp coefficient. The linear chirp coefficient can be found

as:

c=-2

- (4.29)

where ¢ is the electric field envelope phase. A local misfit parameter which looks at

the difference between the pulse and an ideal parabolic pulse at that particular instant
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in time is also calculated. A Nelder-Mead nonlinear optimization algorithm is used to

ensure the best fit of the output pulse to a parabolic profile.

The initial pulse launched into the fibre was a Gaussian pulse with various peak powers
and temporal widths. I chose to examine pulse propagation in a taper of z,,4,=10 m
length. This value determines slope of the linear taper profile in Equation 4.25, as my
aim was to investigate possibility of obtaining best parabolic fit in a longer taper length.
I observed propagation of the pulse along the taper from the narrow end, with A=
1.85 pum to A= 2.2 pum, in the first case, when d/A= 0.3. The range of input pulse peak
power was 2 kW to 20 kW and range of input pulse FWHM was 200 fs to 5 ps. The
range of input pulse peak powers and widths ensured nonlinear propagation in all cases

and prevented pulse distortion at higher pulse energies.

It has been shown in [107] that pulse reshaping is possible using nonlinear propagation
in a length of a normally dispersive step index fibre. The best misfit parameter obtained
in that study was 0.033, for a pulse energy of 31 pJ. My aim, to prove this method
to be useful, was to improve upon this figure. In fact, I found that for a range of
parameters the minimum misfit parameter for different input energies is less than 0.002
- for the example chosen when d/A= 0.8, it is 0.0015. By carefully adjusting input pulse
peak power and width it is possible to reach values corresponding to M? < 0.001, i.e.

significantly better than that obtained with a step index fibre.
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FIGURE 4.7: Top: pulse envelope (normalized | u |? ) against parabolic fit (normalized
| p |?), and bottom: local misfit parameter, d/A= 0.3

A typical result is presented in Figure 4.7, which shows a plot of the intensity profile
of the output pulse for a taper length of 2.2 m (peak power 2.8 kW and the pulse
FWHM width 4.5 ps) and the best parabolic fit, as well as plot of the local misfit. The
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pulse envelope is almost perfectly parabolic, apart from the pulse edges, as expected.
The local misfit parameter is of the order of 10~* which should be acceptable for most

applications.

The minimum values of M? along the length of the taper (for d/A= 0.3) are shown
in Figure 4.8.a (assuming no loss) for differing initial conditions. Figure 4.8.b shows
distance along the taper where the misfit parameter has its minimum value. Importantly,
the shape of the contours is dependent on the value of z,,,,, which determines the taper
slope in Equation 4.25, and is chosen to be 10 m in this case as my motivation was
to observe parabolic generation in the longer fibre taper, as it was previously implied.
The procedure presented in this chapter can be generalised and used for different taper

lengths as well as for different launching conditions.

Similarly, Figure 4.9.a shows the result obtained for the same taper with an artificially
high fibre loss taken into account as a = 0.5 dB/m. Also, Figure 4.9.b shows distances

that correspond to the minimum misfit parameter from Figure 4.9.a.

Comparing these two sets of graphs only minor differences can be seen showing that
realistic fibre losses will not significantly affect the parabolic pulse generation. From
Figure 4.8.a. and Figure 4.8.b, or from Figure 4.9.a and Figure 4.9.b, we can extract the
taper length that will provide best misfit parameter i.e. where the best parabolic pulse
is generated. From the contour plots given it can be concluded that there is a range
of values of input pulse widths and powers that will enable generation of parabolic
pulses. The minimum value of misfit parameter, from Figure 4.8.a, is 0.002, obtained
for input powers of around 3 kW, for different input pulse widths. From Figure 4.8.a it
can be seen that misfit parameter is a function of the peak power, whilst it is mostly
independent on the value of the pulse width. The taper length that corresponds to the
chosen pulse peak power and width can be determined from Figure 4.8.b. Therefore,
from Figure 4.8.a and Figure 4.8.b it is possible to choose values for input pulse power,
width and the taper length (this choice depends on the choice of the equipment used in

the particular application).

Figure 4.10 shows parabolic pulse evolution for the chosen parameters of the taper, when
d/A = 0.3 and peak power Py = 2.8 kW, FWHM width Ty = 4.5 ps and the taper length

Zmazr = 2.2 m.A

Figure 4.11 shows the pulse envelope, spectrum, phase and chirp, for the chosen val-
ues. The spectra broadening factor is calculated as B/B0 = 28 (where B is a 3 dB -
bandwidth calculated at z,4; = 2.2 m and B0 is bandwidth when z= 0 m) [70]. From

the bottom plot in Figure 4.11, which represents instantaneous frequency, or chirp, it

4These parameters are chosen for illustration purposes, and it is obvious that the low values of M?
could be obtained for different choice of the input pulse width, peak power and taper length. The
procedure presented represents a proof of principle that parabolic pulses can be generated in tapered
microstructured optical fibres.
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FIGURE 4.8: a.) Misfit parameter (minimum) for input Gaussian pulse; b.) Taper
length where best (minimum) misfit parameter is obtained for input Gaussian pulse,
a=0, d/A= 0.3

can be seen that, as expected, the generated parabolic pulse has a linear chirp across it
and therefore can be useful for practical applications. Figure 4.12 shows the result of
the pulse compression performed numerically (using ideal pulse compression) [70], [71],
where initial pulse FWHM is 4.5 ps and after compression 310 fs, so that a compression
ratio (calculated as the ratio of the FWHM of the input pulse to that of the compressed
pulse) of 14.5 is obtained.
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FIGURE 4.9: a.) Misfit parameter (minimum) for input Gaussian pulse; b.) Taper
length where best (minimum) misfit parameter is obtained for input Gaussian pulse,
a=0.5 dB/m, d/A=0.3

For the second taper, when d/A = 0.8, as the nonlinearity is much higher than when d/A
= 0.3, the range of input pulse peak power was 10 W to 1 kW and range of input pulse
FWHM was 200 fs to 5 ps. In analogy with the analysis for the first taper, I plotted
contour plots of the minimum misfit parameter along the taper length (see Figure 4.13.a)
and the corresponding distances (Figure 4.13.b) versus pulse peak powers and FWHM
widths.
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FIGURE 4.11: Pulse envelope, spectrum, phase and chirp coefficient, d/A=0.3

From Figure 4.13.a and Figure 4.13.b (as in previous case) the information about the
taper length which will provide best misfit parameter can be extracted. The minimum

value of misfit parameter, from Figure 4.13.a, is 0.002, obtained for input powers of
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FIGURE 4.12: Initial pulse envelope (-), compressed pulse envelope (o) and parabolic
pulse (——)

around 0.1 kW, for different input pulse widths. The taper length that corresponds to
the chosen pulse peak power and width can be determined from Figure 4.13.b. There-
fore, from Figure 4.13.a and Figure 4.13.b it is possible to choose values for input pulse
peak power, width and the taper length: Fy = 0.1 kW, Ty = 2 ps and z;,4,= 2.3 m,
respectively. Analogously to Figures 4.8 and 4.9, these parameters are chosen in ac-
cordance to the choice of the taper slope (determined by 2,,,=10 m) and are used for
illustrative purposes. Similarly to the taper when d/A = 0.3, from the contour plots
given, it can be concluded that there is a range of values of input pulse widths and

powers that will enable generation of parabolic pulses.

Figure 4.14 shows parabolic pulse evolution for the chosen parameters of the taper, when
d/A = 0.8 and peak power Py = 0.1 kW, FWHM width T = 2 ps and the taper length

Zmazr = 2.3 m.

Figure 4.15 shows the pulse envelope, spectrum, phase and chirp, for the taper when
d/A = 0.8 and the chosen values for the peak power, FWHM width and the taper length.
The spectra broadening factor is calculated as B/B0 = 9.25, when d/A= 0.8. Result of
the numerical pulse compression is shown in Figure 4.16. Initial pulse FWHM is 2 ps
and pulse is compressed to 332 fs, so that compression factor of 6 is obtained for this
case. The side lobes observed in Figure 4.12 and Figure 4.16 are the theoretical wings

of a compressed parabolic pulse.
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FIGURE 4.13: a.)Misfit parameter (minimum) for input Gaussian pulse; b.)Taper
length where best (minimum) misfit parameter is obtained for input Gaussian pulse,
a=0, d/A= 0.8

Figure 4.17, for d/A= 0.8 presents the pulse envelope at the taper’s output, for the
parameters: taper length 2.3 m, Py = 0.1 kW and Ty = 2 ps and at the bottom plot
the misfit parameter or the error between the pulse intensity profile and the parabolic
fit calculated using Equation 4.27. It can be seen that the pulse exhibits the parabolic

intensity profile, but with a small discrepancy in the wings of the pulse.

By comparison of Figure 4.17 and Figure 4.7 it can be observed that the minimum misfit



Chapter 4 Numerical Investigation of Parabolic Pulse Generation in Tapered
Microstructured Optical Fibre 76

i | ”"’;’v’
0.8 ’ ’

m’;‘;’;“v\
cof [l
M
i \

X

2
2 t[s] x 10

Distance [m]

FIGURE 4.14: Parabolic pulse evolution, d/A=0.8

NE 100 T T T T T
= 50f .
Lﬂ: 0 Il Il Il
3 -3 -2 -1 0 1 2 3
Time [ps]
) XlO_ll
-S 2 T T T T T T T
s 1lr 1
E 0 I i I i i
< -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Frequency [THz]
)
Ig. 20 T T T T T T T
© 10+ 1
@ 0 i i i i i
c
a -2 -15 -1 -0.5 0 0.5 1 1.5 2

Frequency [THz]

1 O T T T T T

IF [THz]
o

_10 I I I I I
-3 -2 -1 0 1 2 3
Time [ps]

FIGURE 4.15: Pulse envelope, spectrum, phase and chirp coefficient, d/A=0.8

parameter has a lower value when d/A=0.8, so the intensity profile of the pulse for the
taper when d/A=0.8 deviates less from the parabolic shape in comparison to the case

when d/A=0.3, although it deviates slightly more at the top of the pulse. I anticipate
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pulse (——), d/A=0.8
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FIGURE 4.17: Top: pulse envelope (normalized | u |? ) against parabolic fit (normalized
| p |?), and bottom: local misfit parameter, d/A=0.8

that this asymmetric deviation from the parabolic shape is due to the value of the

third order dispersion, which is nearly one order of magnitude higher when d/A=0.8 in
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comparison to the case d/A=0.3. Also, the higher power of the pulse when d/\=0.3 is

another reason for this greater misfit.

4.4 Conclusion

In this Chapter I have introduced the theoretical background of the parabolic pulse
generation in the normally dispersive optical fibre, which relies on the theory of self
similarity. The theory shows that in a system described by the ideal lossless NLSE
with decreasing dispersion (taper), optical pulse evolution is formally similar to that of
a medium with a constant gain and an asymptotic self-similar parabolic pulse solution
is found to exist in a taper. Furthermore, I have presented results of modelling and
simulation of tapered normally dispersive microstructured optical fibres. I have identified
two normal dispersion regions, and outlined a procedure for choosing the parameters of
the taper profile for efficient parabolic pulse generation. The design procedure of a fibre

taper for parabolic pulse generation followed the steps:

1. Generate optical property maps for the relevant wavelength and pitches;
2. Choose a suitable linear taper;

3. Numerically simulate the propagation of varying peak powers and widths pulses

down fibre tapers of different lengths;
4. Compare the output pulse with a parabolic pulse;

5. Choose the taper which gives the best parabolic pulse.

The parameters of the MOF (pitch and the air-filling factor) are determined so that the
normal dispersion regime is obtained. For two different values of the air-filling factor
0.3 and 0.8, two different tapers with a linear profile are proposed. In the case when
d/A = 0.3 the confinement loss is non-negligible, so it has been taken into consideration.
Results show that Gaussian input pulse of different peak power and width can evolve
into the parabolic shape with a linear chirp coefficient in both cases. The two different
spectra broadening factors are calculated for two different cases, 28 when d/A=0.3 and
9.25 when d/A=0.8. Also, results show that using the first taper, when d/A=0.3, linearly
chirped parabolic pulse of FWHM width 4.5 ps can be compressed down to 310 fs, so
that compression factor of 14.5 is achieved and for the second taper, when d/A=0.8,
initial pulse FWHM width 2 ps is compressed to 332 fs, so that compression factor 6
is obtained. The optimal taper length, to achieve the best parabolic characteristic for
a range of input powers and pulse widths has also been determined. Results show that
due to the different nonlinearity parameters for the two tapers under consideration, best

parabolic fit can be achieved for different pulse energies. When d/A =0.3, minimum
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misfit parameter is achieved for pulse energy in range from 10 nJ to 24 nJ, while when
d/A=0.8, due to the higher nonlinearity coefficient, the pulse energy range that gives
minimum misfit parameter is from 177 pJ to 440 pJ. Therefore, it implies that these
results might be of interest where pulse reshaping is conditioned by the initial pulse
energy availability. Based on the presented procedure, optimization can be performed

to find the best possible taper profile and length for the parabolic pulse generation.

My major contributions presented in this Chapter are:

1. Detailed analysis of the principal method used for modelling of tapered MOF and

determination of the parameters of the taper profile;
2. Generating Matlab script for calculation of dispersion optical property map;

3. Generating Matlab script to model the parabolic pulse generation in tapered MOF.
The program could be easily modified to treat any pulse shape propagation through
any profile of the tapered MOF (Parts of the Matlab code are given in Appendix
C).

The possible direction for the future work in this area is the investigation of parabolic
pulse generation extended to different taper profiles (such as hyperbolic or exponen-
tial) with different dispersion limits in the normal dispersion regime. Alternatively, the
design procedure could be conducted in reverse, so that having specified minimum mis-
fit parameter value for the best parabolic pulse fit, the optimum taper profile can be

determined.

Following the numerical consideration presented in this chapter, next chapter shows the

investigation towards the experimental confirmation.



Chapter 5

Experimental Investigation of
Parabolic Pulse Generation in

Tapered Microstructured Optical
Fibre

5.1 Introduction

It is well known [1], [93], that in the normal dispersion regime, due to the interaction
between fibre dispersive and nonlinear effects, high intensity pulses suffer from wave
breaking effect [99], which can be avoided if the pulse is characterised by a linear chirp.
This can be achieved using parabolic pulses, which have the potential of flat broadband

spectra and can be efficiently compressed in the time domain.

It Chapter 4 I described how when a high intensity optical pulse is launched into the
fibre, the pulse evolves into a linearly chirped, parabolic pulse in which the nonlinear
chirp introduced by the self phase modulation is linearized gradually by normal group
velocity dispersion. There are different principles of the parabolic pulses generation, as
discussed in Chapter 4, due to the interaction between gain, nonlinearity and dispersion
[99] - [115]. In particular, parabolic pulses can be generated in a passive manner using
normally dispersive dispersion decreasing fibres (tapers) [104], [105], or fibre gratings
etc. [95], [97], [106]. Parabolic pulses generated using tapers are attractive as they
are considerably cheaper and less complex to produce when compared to the use of

amplifiers.

Tapered MOFs have unique properties, making them ideal for parabolic pulse generation.
Tapered MOFs are used for many other applications, as it has been emphasised previ-

ously in this thesis, such as pulse compression [35] - [37], stimulated Brillouin scattering
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threshold enhancement [31] - [33], supercontunuum generation [38] - [41] etc. Tapered
microstructured optical fibres represent an alternative way to produce the required dis-
persion decreasing fibre. This method is ideal for producing metre-length tapers needed
to efficiently generate parabolic pulses using femtosecond pulses, as was shown in Chap-
ter 4. Moreover, in Chapter 3 I presented a design and results of the development of a

novel tapering facility capable of fabricating the required metre-long optical fibre tapers.

My experimental investigation! towards the parabolic pulse generation in tapered MOFs
consists of three sets of measurements, performed using three different tapered MOF's.
I modelled and fabricated three tapers, 40 cm - length, 60 cm - length and a 1.8 m -
length taper. This Chapter is organized so that first I present results related to the
first configuration, using 40 cm - length taper, followed by the results of the second
configuration, using 60 cm - length taper and finish by presenting the results of the

experiment using 1.8 m - long taper.

5.2 Nonlinear pulse propagation in tapered MOF - first

experimental set-up

In this Section I present the modelling results of the tapered MOF, the fabrication of a
40 cm-length taper and the results of the experiment performed using this taper. The
results didn’t meet expectations, but provided me with important information about

how the experiment could be improved.

5.2.1 Taper design and fabrication

Microstructured optical fibres have extended the range of possibilities in optical fibres, by
allowing remarkable control of their optical properties (dispersion, nonlinearity, birefrin-
gence). However, the microstructured fibre drawing process is challenging, as different
types of distortion [2] are introduced through the effects of viscous flow, surface tension
and pressure and therefore they are much more expensive in comparison to standard

optical fibres.

The major idea behind this experiment was to observe nonlinear phenomena in metre-
long tapered MOFs (meso-tapers) [116]. The choice of microstructured optical fibres
was limited and the fibre that was initially available for me to use had the following
parameters: hole diameter d=1.6 pum, pitch A=1.74 um, d/A=0.92, core diameter=1.2
pm. The SEM image of the fibre is shown in Figure 5.1.

T am enormously grateful to Dr Francesca Parmigiani for her help in conducting these experiments.
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F1GURE 5.1: SEM image of the MOF, scale = 25 pym

As was explained in Chapter 4, after measuring the fibre parameters that determine the
fibre optical properties (A, d/A, core diameter), I used the finite element method to solve
for the fibre dispersion, effective area and confinement loss of the lowest order mode. The
chromatic dispersion of the fibre in function of pitch calculated at A=1550 nm is shown
in Figure 5.2.a. This graph can be used to determine the minimum and maximum values
of parameter A (the parameters of the linear taper profile), so that the taper operates in
the normal dispersive regime which is of importance for the parabolic pulse generation
(previously described in Chapter 4). I chose the same criteria which limits the absolute
value of dispersion to practically usable values. However, this fibre operates in the
anomalous dispersion regime at wavelength 1550 nm, as can be seen from Figure 5.2.a,
whilst zero dispersion is achieved for pitch value approximately 1.19 pum. Therefore, 1
decided to taper the fibre linearly until the normal dispersion regime it obtained. Using
the dispersion profile in Figure 5.2.a the starting and finishing pitch for the linear taper
profile are determined to be A(0)=1.14 pm and A(end)=1.18 pm, respectively. Similarly
to the procedure in Chapter 4, for the sake of simplicity, I chose a linear profile for the
taper, determined by fibre pitch at the beginning and the end, given by the Equation
4.25, A(0)= 1.14 pm and A(zpmae)= 1.18 pm.

D (ps/nm/km)

Confinement Loss [dB/m]

FIGURE 5.2: a.) Dispersion of the MOF b.) Confinement loss of the MOF
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Figure 5.2.b. shows the calculated confinement loss as a function of pitch, which is low
for the range of pitch values of interest and so disregarded in further calculations. The

parameters of the linear profile taper are summarized in Table 5.1.

Alum]  Bolps®/m]  Bslps®/m] AW lkm™!]
Start  1.14  0.0624 _ -0.00131 53.8
End 1.8  0.0065  -0.00117 52.7

TABLE 5.1: Parameters of the tapered fibre (d/A = 0.92)

The next step was to fabricate a taper according to the calculated parameters. As the
original MOF has a pitch value A=1.74 ym and the anomalous dispersion, I pre-tapered
the fibre 18% along first 10 cm of its length, in order to reduce the pitch value from
1.74 pm to 1.18 um, as it was determined to fall in the region of normal dispersion (see
Figure 5.2.a). Then, the fibre was tapered further 4% along 0.4 m of length to obtain
the pitch value of 1.18 pm, as previously calculated. The diameter profile of the taper

fabricated in this way is shown in Figure 5.3.

desired profile
desired —1%

desired+1% M
— measured diameter

Diameter [um]

L L
) 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Distance [m]

FIGURE 5.3: Taper diameter vs. distance (diameter variation within +1%)

It can be observed that the diameter variation is within the £1% of the value of the
desired fibre diameter at almost the whole taper’s length. However, the taper profile
is very demanding and I anticipate that the uncertainties in the tapering process could
affect the optical properties of the taper. It should be taken into consideration that the
approximation in the numerical and experimental investigation throughout this thesis
is the assumption that the structure of the fibre was preserved along the transition
region. The taper profiles are complex with highly demanding requirements for their

fabrication, but nevertheless the accurate measurements have to be taken in the future
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improvements of the system (e.g. by introducing accurate nondestructive measurement

of the structure parameters).

Figure 5.4 shows the parameters of the taper (52, 03, A and ) changing with the taper
length. As explained in Chapter 4, I calculated the parameters for different pitch values
and used them as the interpolation points to calculate the parameters versus taper

length, using linear interpolation.

0.1

I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

o 0.05 01 015 0.2 0.25 0.3 0.35 0.4
z[m]

FIGURE 5.4: (35 and (3 vs. distance (top), pitch A vs. distance and v vs. distance
(bottom)

5.2.2 Results and discussion

The experimental set-up used to study parabolic pulse generation in the fabricated

tapered microstructured optical fibre is shown in Figure 5.5.

The input signal was generated by a commercial mode locked Erbium Glass Oscillator
(ERGO) producing ~ 2.8 ps Gaussian pulses at 1550 nm and the repetition rate of 10
GHz. The signal was then amplified up to an average power of 33 dBm using a high
power Erbium Doped Fibre Amplifier (HP-EDFA). A 5 nm filter was used to filter out
the HP-EDFA amplified spontaneous emission (ASE) noise. Assessment of the pulses
quality was done using the -FROG technique [58], [59], explained in Chapter 2. The
polarisation controller (PC) was used to align the input signal to the polarisation axis

with the higher nonlinear coefficient of the tapered MOF.

The retrieved temporal intensity and phase and the spectra and spectral phase of the
ERGO signal is shown in Figure 5.6. The temporal FWHM of the retrieved pulse is
2.85 ps. The spectra at the input and at the output of the taper were measured by an
Optical Spectrum Analyzer (OSA).
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FIGURE 5.5: Experimental set-up for the parabolic pulse shaping
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FIGURE 5.6: a.) Normalized envelope and phase at the output of ERGO. b.) Normal-

ized spectra and spectral phase.

In this experiment the -FROG measurement was only taken at the taper’s output and
the corresponding pulses’ temporal and spectral intensity were retrieved. However, the
same measurement at the taper’s input had not been taken and therefore I couldn’t use
the interpolation data? as the input pulse in the simulation and consequently, I couldn’t
obtain best fitting with the experimental results. This issue was addressed and improved

in the experiment that will be described in the Section 5.4. The launching efficiency in

2The interpolation data is used in a context of using the discretised signal at the input of the taper,
obtained as a result of a I-FROG retrieval, and interpolating the pulse to the number of points used in
the split step algorithm which solves the NLSE propagation equation.
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this experiment, when the light was coupled into the fibre core of a diameter less than 1
pm, was ~10%. The calculated peak power at the input of the taper, after taking into
account system parameters, for the average power of the HP-EDFA of 33 dBm, was 26

W. The calculation is based on the following simple formulaes:

P,
E=%" (5.1)
frep
1.665F
P 2
0 nﬁTFWHM (5:2)

where P, is the average power, f,¢, is the repetition frequency, Trw g is the Gaussian
pulse FWHM temporal width, F is the energy of the Gaussian pulse, Py is the pulse

peak power at the input of a taper and 7 is the launching efficiency.

In order to understand the experimental results I compared the pulse intensity profile at
the output of the taper with the parabolic fit and quantified the evolution towards the
parabolic shape using the misfit parameter defined by Equation 4.27. In this experiment
it was observed that when the average power was low, the misfit parameter had very
high value so that the pulse intensity profile was significantly different from the desired
parabolic shape. The results were getting just marginally better for the increased power.
Figure 5.7 shows the results of measurement and simulation for the maximum achievable
power of 33 dBm. Figure 5.7.a (top) shows the pulse envelope calculated from the
simulation, compared to the ideal parabolic fit. The result shows very high value of
the misfit parameter (0.077), implying that no parabolic pulse was achieved. Figure
5.7.a (bottom) presents the comparison of the pulse’s envelope measured at the output
of the taper using the I-FROG technique and the pulse’s envelope obtained from the
simulation, when 5 m of SMF fibre from the output of taper to the I-FROG, was taken
into account. The discrepancy between these two results can be attributed to the use of
a Gaussian pulse as the input pulse in the simulation instead of using the signal obtained
from the -FROG measurement at the input of the taper. Another reason could be that
due to the necessity to cleave the fibre to improve the coupling efficiency, a dispersion
regime has been reached that wasn’t predicted in the model. The results of the pulses’
spectra taken by OSA at the taper’s output for different power and the spectra obtained
as a result of the simulation are shown in Figure 5.7.b. Some spectra broadening in the
taper was obtained, as the power was increased, however, some discrepancy with the

simulation result can be observed.

In spite of that the results of the experiment were far from the expected, this experiment
proved to be an useful start and enabled information about what could be improved in
the taper’s design and in the measurement procedure in order to progress towards the
generation of parabolic pulse in the tapered MOF. The major conclusion from the results

taken in this first attempt was that longer optical fibre tapers needed to be fabricated,
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FIGURE 5.7: a.) Top: Taper output pulse envelope against parabolic fit; Bottom:
Pulse envelope at the output of the taper. b.) Normalized spectra at the taper output
compared to OSA spectra for different powers.

ideally from the fibre that has normal dispersion at 1550 nm. In addition, another
conclusion was that more systematic measurements had to be taken so that the results
could be easily validated using numerical modelling. All issues have been addressed and

explained in Section 5.4.
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5.3 Nonlinear pulse propagation in tapered MOF - second

experimental set-up

In this Section I present the modelling results of the tapered MOF, the fabrication
of a 60 cm-length taper and the results of the investigation of experimental parabolic
pulse generation in tapered MOF, performed using this taper. Although the results
do not show the parabolic pulse generation, they provided for me additional important

information about the experimental set-up.

5.3.1 Taper design and fabrication

In the second attempt to perform an experiment of parabolic pulse generation in tapered
MOF, the appropriate microstructured optical fibre wasn’t yet available. Therefore, I
used the same fibre as described in the previous section (the fibre parameters were: hole
diameter d=1.6 pum, pitch A=1.74 pum, d/A=0.92, core diameter=1.2 pm). The SEM

image of the fibre is shown in Figure 5.1.
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FIGURE 5.8: Taper diameter vs. distance

Bearing in mind the conclusion derived from the first experiment, I attempted to fabri-
cate a longer taper. However, the optical fibre recoater was also not available at the time
of the experiment. The problem I faced was difficulty to handle longer tapered fibres
(that were so fragile being uncoated), so that the taper I fabricated was only 60 cm long.
The variation of taper’s diameter along the length of the taper is shown in Figure 5.8.
The significant oscillations in the taper diameter, shown in Figure 5.8, originate from
the lower temperature of the microheater unit, which at this stage exhibited problems,
so that higher temperature, required to reach the silica fibre softening point, couldn’t be

achieved. This lower temperature led to the increased tension of the fibre, which caused
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FIGURE 5.9: (32 and (3 vs. distance (top), pitch A vs. distance and v vs. distance
(bottom)

the oscillations of the fibre during tapering and consequently a ripple in the diameter

variation.

The microstructured optical fibre was pre-tapered 18% along first 10 cm of its length,
in order to reduce the pitch value from 1.74 pm to 1.18 um, as it was determined as the
region of normal dispersion and afterwards further 4% to reach the pitch value of A =
1.14 pm. Figure 5.9 shows the parameters of the taper (32, f3, A and v) changing with
the taper length.

5.3.2 Results and discussion

The experimental set-up was the same as described in section 5.2. and shown in Figure
5.5. The input signal was generated from an ERGO source at 1550 nm, which generated
~ 1.5 ps Gaussian pulses, which were gated down by the modulator to produce a 5 GHz
train of pulses. The pulses were amplified up to 33 dBm using the HP-EDFA | followed
by the 5 nm filter, to reduce the ASE noise. The pulses time and frequency domain

profiles were assessed using the I-FROG, just like in the previous experiment.

In this experiment the -FROG measurements at the taper’s input (after the HP-EDFA
and the filter) were taken and also at the taper’s output. Pulses’ temporal and spectral
intensity and corresponding phase were retrieved. The launching efficiency in this case
was slightly improved, although the fibre core diameter was less than 1 pym, to a value
of ~15%. The HP-EDFA introduced nonlinearity, so that both the signal time and
frequency domain intensity profiles changed after the propagation through HP-EDFA
for high power. The pulse time intensity and spectra after the propagation through HP-
EDFA, at 33 dBm, is shown in Figure 5.10. It can be observed that signal time duration
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decreased from 1.5 ps that was initial FWHM at the ERGO output, to 0.88 ps at the
HP-EDFA output. This result obtained from the FROG retrieval was implemented,
after the interpolation, as an input pulse in the simulation in order to provide better

fitting with the experimental results.
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FIGURE 5.10: a.) Normalized envelope and phase at the output of HP-EDFA. b.)
Normalized spectra and spectral phase.

As in the previous section, the HP-EDFA increased the power of the pump signal up to
33 dBm. The peak power of the pulse at the taper’s input was in the range from 10 W
to 60 W.

Figure 5.11 shows the results of measurement and simulation for the maximum achievable
power of 33 dBm. Figure 5.11.a (top) shows the pulse envelope calculated from the
simulation, when parameters of the experiment were taken into account and compared
to the ideal parabolic fit. The result shows that the value of the misfit parameter is
0.0644, which is lower than the value that was obtained in the previous section (0.077),
using a 40 cm long taper, but it is still so high so it implies that no parabolic pulse has
been generated. Figure 5.11.a (bottom) shows the comparison of the pulse’s envelope
measured at the output of the taper using the - FROG method and the pulse’s envelope
obtained from the simulation. Agreement between the spectra taken at the output of
the simulation and the spectra measured for 33 dBm power at the HP-EDFA can be
observed. However, there is still some discrepancy which appears due to the mismatch
between the dispersion parameters that were calculated and the dispersion parameters
of the actual taper. Another possible reason for the discrepancy could be the mismatch
between the actual and estimated pulse peak power. Similar results were obtained when

different peak power were used.

In order to validate the results of the experiment, I have taken samples of the taper
used in the experiment both at the taper’s input and output and used the SEM imaging

(using program described in the Appendix A for the automatic post-processing of the
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FIGURE 5.11: a.) Top: Taper output pulse envelope against parabolic fit; Bottom:
Pulse envelope at the output of the taper. b.) Normalized spectra at the taper output
compared to OSA spectra for different powers.

images) to calculate the taper’s parameters. The results showed that the pitch value at
the beginning of the taper was A=1.3 um, and d/A was 0.9. The parameters measured
at the output of the taper were A=1.28 um and d/A=0.89. Consequently, the FEM
modelling showed that for these parameters the taper was in the region of anomalous
dispersion regime, and this can be considered as the most important reason for the
discrepancy of results of simulation and the experiment. This important observation

clearly led to the conclusion that normally dispersive fibre would be the best choice for
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this experiment. These results confirmed that in this attempt I didn’t manage to achieve

the taper parameters that I was aiming at.

The results of this experiment showed the self phase modulation spectra broadening in
the tapered MOF, but still without any confirmation of the evolution towards parabolic
pulse waveform. However, this experiment was another step forward in obtaining signif-
icant experience and information about the experiment’s procedure. Similar conclusion
from the results taken in this experiment was obtained as in the experiment with the
40 cm taper, explained above in the previous section. In order to be able to generate
parabolic pulses in the tapered MOF, using the source that was available for use, a
longer optical fibre taper was needed to be fabricated from the fibre which falls to the

closer proximity of the normal dispersion regime at 1550 nm.

5.4 Nonlinear pulse propagation in tapered MOF - third

experimental set-up

In previous sections of this Chapter I presented the results of my experimental investiga-
tion of parabolic pulse generation, performed using two different tapered microstructured
optical fibres. The most important issue in my initial experimental investigation was
that the ideal MOF that was appropriate to be tapered and used in the experiment of
parabolic pulse generation hadn’t been fabricated yet. The fibre that was available for
use has the anomalous dispersion at wavelength 1550 nm and I tried to find a way to
accommodate this fibre for use in the normal dispersion regime. The idea that led me
through my research was to try to set-up the experiment, to build up the experience
and to establish the measurement procedure that would all make a good starting point

in the later phases of the experiment, when the new fibre would be available for use.

This section is organized so that firstly I present the modelling results for the taper used
for parabolic pulse generation, then the fabrication of a 1.8 m-long fibre taper and the
corresponding experimental investigation of a parabolic pulse generation. The numerical
results are quantified using the misfit parameter which measures the root mean square
error between the propagated pulse and its parabolic fit in the time domain (according

to Equation 4.27) and are compared with the experimental ones.

5.4.1 Taper design and fabrication

The microstructured optical fibre that was to be used in the experiment? has a hexagonal
arrangement of six rings of holes and the following parameters: hole diameter d=0.88
pm, pitch A=1.42 pm, d/A=0.62, core diameter=1.88 pm. SEM images of the fabricated

3Fabricated by Dr Marco Petrovich.
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fibre are shown in Figure 5.12. The decision to choose this particular fibre was based on
the fact that the fibre has low anomalous dispersion at 1550 nm, (which is the wavelength
of interest for my application), so that the fibre could be easily tapered to obtain normal

dispersion regime and achieve the requirements for the parabolic pulse generation.

(a) (b)

FIGURE 5.12: SEM images of the MOF; a.) scale = 100 pm, b.) scale = 20 ym

In accordance to the procedure for the fibre taper design explained in Chapter 4, after
measuring the fibre parameters, I calculated corresponding dispersion, effective area and
confinement loss of the lowest order mode, using the finite element method. The calcu-
lated chromatic dispersion profile of the fibre as a function of the pitch at A=1546 nm
is shown in Figure 5.13.a. and the minimum and maximum values of parameter A (the
parameters of the linear taper profile) can be determined, so that the taper operates
in the normal dispersive regime. I chose the criteria which limits the absolute value of
dispersion to approximately | D | < 40 ps/nm/km, as this is the regime of particular
technological interest (relatively low values of dispersion). Using the dispersion profile
in Figure 5.13.a. the starting and finishing pitch are determined, for the linear taper
profile, as A(0)=1.29 pm and A(end)=1.37 um, respectively. The fibre dispersion at
the corresponding pitch values is D(A(0))=-45.58 ps/nm/km whilst D(A(end)=-2.123
ps/nm/km. Note that the original fibre has hole-to-hole spacing of A=1.42 pm and
parameter D=18.55 ps/nm/km, therefore it is necessary to taper this fibre to reduce
its pitch value to 1.37 pum to reach the required normal dispersion regime. Calcula-
tions predict that dispersion slope varies between -0.47 ps/nm?/km at A(0) and -0.32
ps/nm?/km at A(end). The effective area increases by ~ 8% from 1.76 um? at A(0) to
1.92 um? at A(end). I chose to taper the fibre linearly, as in the previous experiments.
Figure 5.13.b shows that calculated confinement loss is < 1073 dB/m and so can be
ignored as it is much smaller than the actual loss. The fibre loss of the chosen MOF
was measured using a standard cut-back method. The total fibre length used for the
cut-back measurement was 12.1 m and the cut-back section was 2.36 m long. The mea-
surement result is shown in Figure 5.13.c and it can be seen that the fibre loss is around
0.4 dB/m at 1550 nm. The parameters of the linear profile taper, calculated using the

finite element method, are summarised in Table 5.2.
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FIGURE 5.13: a.) Dispersion of the MOF b.) Confinement loss of the MOF c.) Fibre
loss

Figure 5.14 shows the parameters of the taper (52, 33, A and ) changing with the

taper length. I calculated the parameters for different pitch values and used them as
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Alpm]  Balps®/m] Pslps®/m] +[W~'km”!|
Start  1.29  0.058167 -0.008244 28.99
End 137 0.002723  -0.05688 27.8

TABLE 5.2: Parameters of the tapered fibre (d/A = 0.62)

the interpolation points to calculate the parameters versus taper length (using linear

interpolation).
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FIGURE 5.14: B2 and B3 vs. distance (top), pitch A vs. distance and v vs. distance
(bottom)

Next, I used the procedure explained in Chapter 4 to determine the optimum pulse
width and the launching conditions for the parabolic pulse generation. I examined the
optical propagation of unchirped Gaussian pulses of different temporal widths and peak
powers, in an optical fibre with variable dispersion and nonlinearity, described by the
NLSE. As it was explained in Chapter 4, I solved the NLSE Equation 4.26 using the
symmetrised split-step Fourier method, numerically, for the chosen taper parameters as

discussed above.

I computed the evolution of the misfit parameter, M?, between the pulse intensity
profile and the parabolic fit, to quantify the pulse evolution towards the parabolic pulse,
according to the Equation 4.27. A local misfit parameter which calculates the difference
between the pulse and an ideal parabolic pulse at a particular instant in time is also
used. A Gaussian pulse with various peak powers and FWHMSs is considered as the
initial signal and let propagate from the narrow part of the taper: from A= 1.29 ym
to A= 1.37 um. The range of input pulse peak power was 10 W to 1 kW and range of
input pulse FWHM was 800 fs to 2 ps, in accordance with the signal source and peak

powers available in the experiment.
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FIGURE 5.15: a.) Misfit parameter (minimum) for input Gaussian pulse; b.) Taper

length [m] where best (minimum) parameter for input Gaussian pulse.

Using the algorithm and procedure shown in Chapter 4, I calculated the misfit parameter
and presented as the contour plots showing the minimum values for the misfit parameter
M? for different launching conditions (see Figure 5.15.a) and the optimum distance
along the taper where the misfit has the minimum value (shown in Figure 5.15.b). From
Figure 5.15.a. it can be seen that the misfit parameter decreases as the pulse peak

power increases. Figure 5.15.a. shows that the minimum values of misfit parameters
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could be obtained for the pulse peak powers in the range of 200 W to 1 kW, and the pulse
temporal widths between 800 fs and 1.5 ps. Figure 5.15.b shows that the optimum taper’s
length decreases as peak power launched into the taper increases. However, the source
which was available for use and the high power EDFA enable the range of calculated
corresponding peak powers at the taper’s input to be between 10 W and 100 W, taking
into account the launching efficiency when light is coupled into the ~ 1um core fibre
(which was approximately 20%- 25%). This range of values is much lower than what
should be required to get the minimum misfit parameter as shown in Figure 5.15.a).
Therefore, to compensate against such low peak powers and in order to achieve better
parabolic evolution, which is quantified by the minimum misfit parameter, a longer
taper is required, as the contour plots in Figures 5.15.a and 5.15.b indicate (the longer
taper is required, if low peak power pulses are used, in order to achieve minimum misfit
parameter). Using the novel tapering facility described in Chapter 3, I fabricated an
1.8 m - long taper to achieve the modelled fibre pitches.

1.6
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o

FIGURE 5.16: Top: Taper diameter vs. distance (diameter variation within +1%);

Bottom: Tapering error

However, as the original MOF has a pitch value A=1.42 ym which falls in the anomalous
dispersion region, I pre-tapered the fibre 4% within first 10 cm of its length, in order
to reduce the pitch value from 1.42 pym to 1.37 pm, as it falls in the region of normal
dispersion (see Figure 5.13.a). The fibre was then tapered further 5% along 1.8 m of
length to get the pitch value of 1.29 um, as previously calculated. The diameter profile of
the taper fabricated in this way is shown in Figure 5.16. (top) where it can be observed
that the diameter variation is within the +1% of the value of the desired fibre diameter,

and the tapering error also has a very low value, shown in Figure 5.16. (bottom), too.
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This taper represents a record taper length fabricated with the accuracy of 1%, shown

in this thesis.

5.4.2 Experimental Set-up

The experimental set-up is shown in Figure 5.5 (the same set-up was used in the three
experiments, with different tapers). The signal at the 90% port of the coupler originates
from an Erbium Glass Oscillator (ERGO) at 1546 nm, which generates ~ 1.4 ps Gaussian
pulses with the repetition rate 10 GHz. The pulses are amplified up to 33 dBm using the
high power Erbium Doped Fibre Amplifier (HP-EDFA) to form the pump signal. The
5 nm filter is placed to filter out the HP-EDFA ASE noise. The profiles of the pulses in

the time and frequency domain was assessed using the -FROG technique?.

However, due to the high peak powers involved the signal was undergoing some nonlinear
effects in the HP-EDFA, causing the filter to filter out part of the signal itself and then
inducing relatively high losses (~2.3 dB). For this reason measurements with and without
the filter were carried out. Assessment of the pulses quality has been done using the
I-FROG technique, as in previous experiments. The PC was used to align the input

signal to the axis of higher nonlinear coefficient of the tapered MOF.
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FIGURE 5.17: a.) Normalized envelope and phase at the output of ERGO. b.) Nor-

malized spectra and spectral phase.

The retrieved temporal intensity and phase and corresponding spectra and spectral
phase of the ERGO signal is shown in Figure 5.17 and the reconstructed spectrogram
in Figure 5.18. The temporal FWHM of the retrieved pulse is 1.42 ps. The accuracy
of the retrieval is confirmed by the good agreement of the retrieved spectrum with the

spectrum measured using an OSA (see Figure 5.19. top).

“Thanks to Dr Francesca Parmigiani for helping me with the experiment and pulse -FROG mea-
surement retrieval.
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FIGURE 5.18: Reconstructed spectrogram of the retrieved pulses at the output of
ERGO

o
S o ‘
——— FROG meas.
ES Ui
o 10 V) l,', \"m:/ uu‘muhh“ﬂu:f i \W t"
S ‘!lll!\m'lm”‘Hv“l/‘\‘m"‘\M‘\:\H"H\‘\‘\m\ i ”“"'a' '\
D oo “ill"mi” f ‘”M,‘Wuww‘\‘m"y'\mhn'w‘ ‘H'rﬂvw”“ ‘“f D g
c ‘\“1"!'! “w ‘m‘w“ I \\‘wnm il hm‘u‘u‘ ‘Hh ‘”“ H”“”‘\I‘ ‘I“H‘ WH N
= i l'i'H’ \“W‘Ml ‘“ﬂ,“\'mww‘\‘vﬁ ‘M‘u“\‘“‘n”\‘l b H"H‘n'\”\‘ “‘\“1“'\
T -30 Hl“llﬂ“llnﬁl lm‘H‘”\“\“”‘:“‘w”“\" il h,m“h ‘“w\ | ”“M‘lu‘ﬁ“ﬂ iy b
(5} il ||Mr’luun‘\‘ M i ‘”y" ;,‘ H il iy ”“‘\‘“‘\U ‘w‘. m‘ﬂ ﬂmluh‘\‘ﬂ
E‘ 1l IJlI i wumnmmﬂMu‘ il “Hi( i 1y &"'VW ‘u‘ﬂwm‘ﬂ\uu‘\ﬂulf\l !
[+ 40 f \)WII (11l M\umuuwmwh‘ﬂMh ‘\\\l;\wu‘\m‘uMlhm i 7
E i hd\HmlnlwﬂmwmumwHH\WM ‘Whm\lu‘ulhnh 1
= _g5o i rh Mhm‘h\‘\‘HH\Hm\uh‘mmuuHnu I I I Imum\mu‘vum‘m Ll e L
g 1538 1540 1542 1544 1546 1548 1550 1552 1554
Wavelength [nm]
60
— 55 b
i=]
©
2=, 50 R
(5]
(7]
@ 451 -
<
o
40 -
35 1 1 1 1 1 1 1 1
1536 1538 1540 1542 1544 1546 1548 1550 1552 1554

Wavelength [nm]

FIGURE 5.19: Normalized spectra and spectral phase vs. A, comparison between the

spectra retrieved from FROG and spectra measured using OSA

The spectra at the input and at the output of the taper were measured using an Optical
Spectrum Analyzer (OSA). I considered two configurations of the set-up, as explained
above, first when the optical filter is connected after the HP-EDFA, and second when

the filter is removed. Figure 5.20 shows the normalized spectra at the taper input and
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output for different average powers (27 dBm, 29 dBm, 31 dBm, 32 dBm and 33 dBm),
without the use of filter. As can be observed and anticipated before, spectral traces
at the output of the HP-EDFA broaden as the power increase implying that the signal
undergoes nonlinear propagation along the amplifier. However, it is important to notice
that the spectrum broadens further as it propagates along the tapered MOF and this is
more noticeable when the optical filter is removed (Figure 5.21). Figure 5.21 shows the
normalized spectra at the taper input and output for different average powers (27 dBm,
29 dBm, 31 dBm, 32 dBm and 33 dBm), as well as spectra measurement taken by OSA
of the ERGO source. Figure 5.22 shows the normalized spectra at the taper input and

output for all powers, at the taper input and output.
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FIGURE 5.20: Normalized spectra at the taper input and output, with the use of filter,
P; is power of the HP-EDFA
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5.4.3 Results and discussion

The main objective during the experiment was to perform a systematic measurement of
both the spectra using an OSA and temporal traces using a I-FROG in three important
points, for different average powers: at the output of the ERGO source, at the input of
the taper (i.e. at the output of HP-EDFA) and at the taper output. We then retrieved
their temporal and spectral intensity and corresponding phase. As the consequence of
the nonlinearity of the HP-EDFA, the pulse temporal FWHM decreased as the HP-
EDFA power increased: FWHM of 0.78 ps was measured for power of 31 dBm, FWHM
of 0.68 ps for power of 32 dBm and FWHM of 0.59 ps for power of 33 dBm. Figure 5.23
and Figure 5.24 show the retrieved temporal and spectral traces when average powers
are 31 dBm, 32 dBm and 33 dBm, for the cases with and without the use of filter in
the set-up. These results are used after the interpolation as the input pulses in the

simulation, to provide better fitting with the experimental results.
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F1GURE 5.23: Normalized time and frequency intensity and phase at the taper input
when power is 31 dBm, with the use of filter (a and b) and without the use of filter (c
and d)

Next step in the results post-processing was to implement the interpolated pulse as an
input pulse in the simulation and to observe pulse propagation for the similar conditions

as in the experiment. Due to the taper’s fragility and the necessity to cleave the fibre
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FIGURE 5.24: Normalized time and frequency intensity and phase at the taper input
when power is 32 dBm (a and b), filter excluded, and 33 dBm with the use of filter (c
and d) and without the use of filter (e and f)

in order to improve the coupling efficiency, the overall taper length was reduced to
approximately 1.4 m. The launching efficiency is calculated on the basis of measuring the
average power at the taper’s input and the output whilst the fibre loss is approximately
0.4 dB/m at the wavelength of 1550 nm. To overcome the problem of the instability
of coupling light into a small core fibre and the reduction of the launching efficiency,
we used the optical coupler, so that the launching efficiency was constantly monitored
and, if necessary, readjusted. The launching efficiency was calculated to be 20%. More
significant spectra broadening was observed for higher powers, > 31 dBm, therefore we

decided to consider pulse propagation in the taper for powers of 31 dBm, 32 dBm and
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33 dBm. Note that the 32 dBm was considered only when filter was removed from the
set-up. The Gaussian pulse FWHM temporal width obtained from the retrieved signals
of the temporal envelope in Figure 5.23 and Figure 5.24. Table 5.3 summarises values
of the calculated pump signal peak powers for different values of the average power in
case of the filter included in the set-up and when the filter was excluded, calculated for
the frep=10 GHz and launching efficiency of 20%.

filt. incl. filt. excl. filt. incl. filt. excl. filt. incl. filt. excl.,
Py W] Py (W] Py [W] Py W]l Trwawm [ps] Trwuwm [ps]
31 dBm 0.74 1.259 14 30 0.99 0.78
32 dBm 0.933 1.58 21 44 / 0.67
33 dBm 1.175 2 28 64 0.72 0.59

TABLE 5.3: Average power (P,,), calculated peak power (P) at the input of the taper
and the pulse Trw g at the input of the taper.

In order to validate the experimental results I compared the pulse intensity profile at
the output of the taper with the parabolic fit and quantified the evolution towards the
parabolic shape using the misfit parameter defined by Equation 4.27. For the lowest
average power of 31 dBm, and including the filter, the misfit parameter was 0.015 (Fig-
ure 5.25.a), implying that the pulse intensity profile is quite different from the desired
parabolic shape. The misfit parameter was then calculated for different powers when
filter was excluded from the set-up. M? is 0.012 for 33 dBm with the use of filter (Fig-
ure 5.26.a), and M? is 0.0064 for 31 dBm (Figure 5.27.a) and M? is 0.0053 for 32 dBm
(Figure 5.28.a), without the use of filter. I also compared the spectra of the output
pulse obtained from the OSA measurement with the spectra obtained as the result of
simulation as well as the pulse intensity profile obtained from the simulations (taking
into account 5 m of SMF fibre between the taper output and the -FROG set-up) and the
pulse envelope retrieved from the FROG measurement, for all cases of average powers,

in accordance to Table 5.3.
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FIGURE 5.25: Power 31 dBm, with the use of filter.

Figure 5.25.b shows the comparison between the intensity profile obtained as the result
of simulation but with approximately 5 m of SMF fibre between the taper output and
I-FROG setup, taking into account the pulse envelope retrieved from the FROG mea-
surement. In Figure 5.25.c the spectra obtained as a result of simulation is compared
to the spectra taken using an OSA at the input and at the output of the taper. When
the average power of the HP-EDFA was 33 dBm, with the use of filter, the similar set
of results is shown in Figure 5.26. Figures 5.25, 5.26, 5.27, 5.28 and 5.29 show the time
intensities and spectra of the output pulse obtained from the OSA measurement com-
pared with the spectra obtained as the result of simulation, as well as the pulse intensity
profile obtained as the result of simulation (with 5 m of the SMF fibre) compared with

the pulse envelope retrieved from the FROG measurement, for different average powers.
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FIGURE 5.28: Power 32 dBm, without the use of filter.

I have also considered the case of the average power 33 dBm without the optical filter
(that was the maximum power available in the measurement). The misfit parameter
calculated in this case was 0.0032, which confirms a continuous decrease in the misfit
parameter as the pulse initial peak power increases. However, in this case, the average
power corresponds to only 64 W of the peak power of the signal at the taper input.
These results of the post-processing are shown in Figure 5.29 and Figure 5.30.

Figure 5.29.a shows the pulse time intensity in comparison with the ideal parabolic fit.
The measured FWHM is 1.22 ps, so that during the propagation along the taper the
input pulse 0.59 ps FWHM was reshaped into the pulse of 1.22 ps duration. Figure
5.29.b shows the comparison between the simulation and the result of the FROG de-
convolution, where FWHM of the pulse obtained from the simulation is 1.49 ps and
FWHM of the pulse obtained from the FROG measurement is 1.25 ps. Figure 5.29.c
shows the comparison between the spectra obtained as a result of the pulse retrieval at
the output of the taper and from the simulation when 5 m of the SMF fibre was taken
into account. Figure 5.29.d shows the comparison between the spectra obtained as a
result of simulation and from OSA measurement. Figure 5.30 shows pulse envelope,
phase and chirp (obtained as the result of simulation) and it can be observed that the
phase is almost parabolic, which leads to the nearly linear chirp across the pulse time

duration.
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Results show that a good qualitative agreement between simulations and measurement
is achieved for both temporal intensity profiles and spectra for all powers, leading to the

conclusion that the simulation adequately models the experimental conditions. Some
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discrepancy between numerical simulation and experiment can be explained by the lack
of full knowledge of some important parameters, such as exact dispersion along the taper
(as the consequence of fibre cleaving) and the exact pulse peak power at the input of
the taper due to some instability in the system. Despite the fact that the higher peak
power at the input of the taper is needed and the constraints in using the HP-EDFA,
the possibility of generating parabolic pulses in the MOF taper has been demonstrated.
In the ideal conditions of having higher power into the MOF taper, the parabolic pulse

shaping would be even more efficient.

Figure 5.31 shows results of the numerical simulations for the cases of having longer
taper length or improved launching efficiency. In this case it has been assumed that the
input and output geometries of the taper have been maintained (i.e. A(0)=1.29 pm and
A(end)=1.37 pm). The input pulse in the simulation was interpolated retrieved pulse
at the input of the taper for the HP-EDFA power of 33 dBm. Figure 5.31.a shows that
in case of fabricating a taper of 3 m length, while keeping pulse peak power at the input
of the taper 64 W, the misfit factor of 0.0028 could be achieved. In another case, when
taper length is 1.4 m, while launching efficiency being improved by ~20%, the misfit
parameter becomes 0.0024 (Figure 5.31.b). Finally, if 3 m - long taper is being fabricated
and the launching efficiency is improved by ~20%, the misfit parameter becomes even
lower 0.0021. These results confirm the assumption of enhancing the efficiency of the

process by further improving the experimental set-up.
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5.5 Conclusion

In this chapter I have presented numerical and experimental results of the three sets
of experiments that I have done towards the parabolic pulse generation in a tapered
microstructured optical fibre with the normal dispersion. However, due to the lack of
the appropriate fibre which would be specifically designed for this analysis and experi-
ment, I tried to accommodate the existing MOF to suit my purpose. The fibre that was
available for the first two experiments fell far from dispersion values that were desirable
for the experiment (anomalous dispersion of 150 ps/nm/km at 1550 nm). Therefore, I
made attempts to taper this fibre down to reach the normal dispersion regime, needed
for the parabolic pulse shaping in the tapered MOF. This happened to be a very chal-
lenging task, and I didn’t succeed entirely. Nevertheless, I managed to fabricate two
different tapers, first 40 cm - length and second of 60 cm - length and took two differ-
ent attempts to perform parabolic pulse generation. The experiments showed different
problems that appeared along the way, such as difficulty to obtain significantly better
launching efficiency (better than 10% - 15%), nonlinearity of HP-EDFA at high powers
and insufficiently high pulse peak powers. Also, the experiments showed the necessity to
use longer taper, too. The important problem that has been confirmed from the SEM
images taken at the taper’s input and output in the second experiment, was that pre-
tapering and cleaving had led to taper parameters that fell in the anomalous dispersion
regime.® Although the results of the two experimental attempts were not as desired,
these experiments were crucial for performing important changes in order to improve

the experimental set-up.

Next I presented numerical and experimental results of the third set of experiments of
the parabolic pulse shaping in a microstructured optical fibre taper with the normal
dispersion. The microstructured optical fibre was initially in the anomalous dispersion
regime (lower dispersion than in previous case, D=18.55 ps/nm/km at A=1.55 um) and
it was accommodated to have the parameters so that the fibre had low values of the
normal dispersion. The fibre parameters were measured and the taper’s parameters
determined in order to obtain a desirable linear taper profile and a 1.8 m long taper
has been fabricated. The experimental study of parabolic pulse generation has been
compared with the numerical simulations. The pulse propagating through the taper
was characterized using linear FROG method. A qualitative agreement between the
results of experiment and simulation was demonstrated. The consistent convergence
towards the parabolic pulse at the taper’s output is observed for the increase in the
input pulse powers. The quality of the parabolic pulses was quantified using a misfit

parameter, which reached value of 0.0032, when maximum power has been applied. It

5This was the important reason for the dismissal of previous two experiments in favour of the third
one (where MOF initially had low value of anomalous dispersion and it was easier to be pre-tapered).
This observation leads to the conclusion that there is a need to develop a measuring technique for the
structural parameters determination during the tapering process and this will be the subject of future
work.
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has been shown that the initial pulse FWHM of 0.59 ps has been shaped into a pulse of
1.22 ps FWHM (which has an rms error against the parabolic fit of 0.0032). However,
these results and the conclusions assume a perfect fit between the experiments and
simulations, although in practice it hasn’t been the case. Generally, there were many
constraints in conducting these experiments, such as that structural characterisation
was only possible using destructive SEM method, so that the taper’s parameters were
taken into account as the approximative ones. Nevertheless, these results suggest that
parabolic pulse shaping can be obtained if the optimum conditions can be achieved.
Here, optimum conditions include a perfect fit between the experiment and simulation,
tapering with the minimum tapering error and the launching conditions that would
enable high input pulse peak powers. In all experiments, the important limitation was
the pulse peak power and I anticipate that by increasing peak power at the taper’s input
or increasing taper’s length, the quality parabolic pulse can be produced at the output

of the tapered microstructured optical fibre.



Chapter 6

Investigation of Supercontinuum
Generation in Tapered

Microstructured Optical Fibres

6.1 Introduction

Supercontinuum generation (SC) has become a very active area of research since it
was first reported in 1970s by Alfano and Shapiro [116]. SC occurs when high-power
ultrashort optical pulses propagate through a nonlinear optical medium resulting in ex-
tremely broad spectra often octave spanning. The first observation of SC generation
by Alfano and Shapiro was in bulk material, followed by different studies on ”super-
broadening” [117], [118]. The first results on the SC generation in conventional fibres
[119] reported a highly complex process involving coupling between spatial and tempo-
ral effects. Work by Gaeta [120] provided a comprehensive explanation based on full
three-dimensional simulations of light propagation [52]. More recently the introduction
of small core (highly nonlinear) optical fibres and in particular microstructured optical
fibres have enabled major advances in obtaining SC spectral broadening over the past
decade, leading to the development of new inexpensive and efficient SC sources [121] -
[126]. SC generation in MOF's has revolutionized many fields, such as optical frequency
metrology and has opened the whole new area of significant applications in telecommu-
nications, sensing, spectroscopy, medical imaging etc. [41], [52]. In telecommunications
specifically, it has been proposed the spectral slicing of broadband SC spectra to create
multiwavelength optical sources for dense wavelength division multiplexing applications
(DWDM) [52]. There have been numerous theoretical and experimental investigations
of the supercontinuum generation in different pumping regimes [52], [78] - [80], [123] -
[129], using photonics crystal fibres [79], [80], [127] - [136], using single mode [137] or
using tapered fibres [78] - [80].
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There is also a number of results reported for the longer pulsed regime, quasi-continuous
and continuous wave (CW) pumping regime [52]. SC is a complex phenomenon which
arises due to the interaction between dispersion and nonlinear effects in the optical fibres.
The nonlinear effects that are behind the mechanism of SC generation include self-phase
modulation (SPM), four wave mixing (FWM), cross phase modulation (XPM), stimu-
lated Raman scattering (SRS), modulation instability, self-steepening and optical shock
formation etc. [52]. Generally, SC characteristics can vary significantly with the partic-
ular combination of pulse and fibre parameters used and the SC generation process is
driven dominantly by the soliton dynamics in the femtosecond pumping regime, whilst
the modulation instability is the dominant effect in longer pumping regimes [52]. Propa-
gation dynamics and broadening mechanisms are characterised by the dispersion length
and nonlinear length, which determine the soliton number, according to the formula
N = m. Different propagation regimes can be distinguished depending on the

combination of GVD regime and pulse parameters [123]:

e Anomalous GVD regime with short pump pulses: Spectral broadening
arises from soliton - related dynamics. The short pulse durations implies that
N > 1 and therefore the pump pulses are higher order solitons. They undergo an
initial period of spectral broadening and temporal compression, followed by soli-
ton fission. The characteristic length scale over which the soliton fission occurs is
given by Lyiss = Lp/N. Soliton fission manifests itself as the higher order soliton
pulse breaks - up into N distinct fundamental soliton components. The process oc-
curs due to higher order dispersion and stimulated Raman scattering. The initial
propagation of these fundamental solitons is associated with the generation of dis-
persive wave spectral components through resonant transfer of energy across the
zero dispersion wavelength [123]. The resonance, due to higher-order dispersion,
is narrowband which explains an abrupt short - wavelength edge typically seen on
SC spectra in this regime. As the solitons continue propagating, the result is a
continuous shift to longer wavelengths through the Raman self frequency shift. Fi-
nally, the generated Raman soliton and dispersion waves can couple through XPM

to generate additional frequency components that increase the overall bandwidth.

e Anomalous GVD regime with pulses of longer durations: In this case,
when high peak powers are applied the solitons become very large (N > 10) and
the soliton fission process described above becomes less important during initial
propagation. This is because fission length increases with the pump pulse duration.
Instead modulation instability, MI, (which is equivalent to the generation of FWM)
occurs on the same scale regardless of the pulse duration and begins to dominate
the phase of initial propagation [123]. The initial MI leads to the temporal breakup
of input pulse into subpulses, where each subpulse undergoes further fission, self-
frequency shift and dispersive wave generation. Pumping too far into anomalous

regime effectively reduces the generated SC, as the initial MI dynamics do not
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generate sufficient bandwidth to enable efficient seeding of dispersive wave transfer

into the normal dispersive regime [52].

e Pumping in the CW regime: The conditions explained above are extended
in the CW regime. However, the MI develops simultaneously from noise that
has dramatic consequence for the pulse time evolution (”rogue” waves) and SC

coherence [138].

e Normal GVD regime with short pump pulses: In this pumping regime,
SC broadening arises from the interaction of SPM and GVD of the fibre, with
shorter pulses inducing greater nonlinear broadening. The extent of nonlinear
broadening is limited, as the combination of these effects leads to the temporal
broadening and decrease in peak power in the beginning of propagation. For
pump wavelength approaching the zero dispersion wavelength and across into the
anomalous dispersion regime, the soliton dynamics plays an important role as well
[123]. FWM and SRS also take part and contribute to the transfer of energy
into the anomalous dispersion regime. Generally, closer to the zero dispersion
wavelength, the FWM becomes more important, since the parametric gain is higher

than the Raman gain.

More recently much of the theoretical emphasis concerning SC has shifted from under-
standing the fundamentals to optimising the generation of SC for particular applications.
Since each application has particular requirements the results of one study cannot in
general be applied to different applications. Many such studies have concentrated on
optimising the visible supercontinuum in MOFs [139]. For example Wadsworth et al.
[135] designed and fabricated a MOF and showed that by pumping the MOF in the
near-infrared anomalous GVD, SC generation from the ultraviolet to the infrared can
be seen. This requires considerable dispersion engineering of the fibres in order to modify
the zero dispersion point and as a result the dispersion profiles used cannot be extended
to other wavelengths ranges since such fibres have to be specifically designed to satisfy

different requirements.

In this Chapter I will present results of modelling and simulation of SC generation at
1.55 pm in tapered MOF's with the emphasis on the procedure for finding the dispersion
profile and launching conditions that achieve the best width and flatness of the SC spec-
tra. Such sources would be of considerable interest for telecommunications applications
such as spectral splicing for high density DWDM sources (here spectral flatness is of
considerable importance). In addition the MOF can be spliced directly to a high power
short pulse fibre laser making a convenient and compact SC source suitable for telecoms
applications, remote sensing etc. From numerical and experimental results obtained at
wavelengths around 780 nm [127] it is known that pumping in the anomalous dispersion
regime and controlling the position of the zero dispersion wavelength relative to the

pump wavelength, are vital to controlling the SC process. Thus the initial design target
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is to ensure that the fibres have near zero GVD at 1.55 um. I chose to taper these fibres,
since, as it was pointed out in [52], dispersion control is enhanced in tapered fibres, thus
potentially improving the quality of the generated SC and this Chapter presents the

results of my investigation.

Specifically, my intention here was to investigate SC generation in metre-long tapers
which could be easily fabricated (using the tapering facility described in Chapter 3)
from a "standard” MOF (which hasn’t been under strict design requirements that would
probably initiate different constraints and difficulties in its fabrication). Therefore, the
starting point in the investigation that I performed was consideration of the likelihood
of having the typical MOF available for use and hence the optimisation of the tapered
MOF, rather than the design optimisation of the MOF with respect to the SC generation.

6.2 Taper design for SC generation

As it was explained in the introduction, the ”standard” design of a microstructured
optical fibre was considered for tapering. The geometry of the MOF used for modelling
and simulation was a hexagonal pattern with 6 layers of holes, (see Figure 6.1.a). The
use of the finite element method (in Comsol Multiphysics) allows the restriction of
the computational domain to only one quarter of the structure (according to the group
theoretic analysis) for the fundamental mode, thus saving considerable on the compu-
tational time, as stated previously in this thesis. The magnitude of Poynting vector of
the fundamental mode of a MOF, for illustrative purposes, is shown in Figure 6.1.b. It
can be observed that the light is well confined to the core region and penetrates only

slightly into the cladding region.

x10°

FIGURE 6.1: a.) Cross section of the MOF with 6 rings of holes (d-hole diameter,
A-pitch). b.) The magnitude of Poynting vector for the fundamental mode.
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The principal properties of each fibre under consideration, such as dispersion, effective
area and confinement loss of the lowest order mode, are numerically determined. A mode
solver within the Comsol Multiphysics program is used to find the effective index nyy,
so that the result is post-processed to find the mode propagation constant ( using the
Equation 2.3 and hence the corresponding derivatives of the mode propagation constant,
from the Equation 2.46.

In all cases considered in this investigation the confinement loss (proportional to the
imaginary part of n.ss) is below 107%dB/m and so can be neglected for these fibres.
Analogously to the analysis in Chapter 4, I used the optical maps representation to
display the optical properties of the MOF. Figure 6.2 shows an optical map of the
calculated dispersion (dispersion parameter D [ps/nm/km]) of various MOFs at 1.55
pm (the wavelength mostly used in communications applications) in function of A and
d/A. The optical map is plotted for A between 1 ym and 2 ym and the range of d/A is
0.65 to 0.95.
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FIGURE 6.2: Dispersion, D [ps/nm/km)], contour plot at A=1.55 pm.

This plot enables finding the range of values for A (pitch) and d/A (relative hole size)
that would provide the required dispersion regime (normal or anomalous) of the fibre.
Note that any value of D between +100 ps/nm/km is possible through correct selection
of fibre parameters. Since every taper corresponds to a path in (A, d/A) space, the
desired profile can be immediately read off the graph. For ease of fabrication, the taper
design requires a constant d/A [115] and so corresponds to vertical paths in the graph
(although using pressurisation any taper can be fabricated). Choosing a large d/A

maximizes the effective nonlinearity and so I chose d/A =0.95. Equally important for
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SC generation is the GVD vs. wavelength, due to the wide bandwidth. Hence Figure 6.3
shows the characteristic of dispersion in function of wavelength, for the case d/A=0.95
and A=1.2 um. It can be observed that the chosen parameters of the fibre enable two
well separated zero dispersion wavelengths (ZDW). The zero GVD is in the vicinity of
1.55 um (that was the initial design target, as pointed out above). Moreover, it has been
reported in Ref. [126] that by increasing the separation of the two ZDW, i.e. increasing
the width of anomalous dispersion region, the phase matched range is increased, too,

which consequently increases the SC bandwidth.

As stated previously, the fibre is a typical highly nonlinear fibre and I aim to see how the
SC process can be improved through tapering. The MOF was chosen with the focus on
the dispersion at pump wavelength, although the design of the fibre with different overall
dispersion profile (which looks at the dispersion slope etc.) could improve the generated
SC. My aim here was to simplify the taper design so that it could be easily fabricated
(to be applied in the future experiment) and to focus on the use of the procedure for

finding the optimum launching conditions.
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FIGURE 6.3: Dispersion in function of wavelength, d/A=0.95, A=1.2 pym.

Compared to most previous studies on SC generation, [52], [122], in this particular
choice of MOF, we have the opposite sign of #3 and thus as the wavelength increases
the dispersion becomes normal. This makes the dynamics of SC generation different
since the Raman self-frequency shift will move the soliton towards a region of normal

dispersion and thus is not as likely to be as strong as in a fibre with the opposite sign
of 63.

In the process of the taper’s parameters determination, I fixed d/A = 0.95, and then
next step was to determine the range of pitch values that would determine the linear
profile of the taper. Figure 6.4.a shows the range of possible dispersions obtainable
through tapering (d/A = 0.95), whilst Figure 6.4.b shows the confinement loss (CL)
versus (A) (d/A=0.95) for a MOF with six rings of holes (as seen in Figure 6.1.a). From

Figure 6.4.a the parameters of the taper can be chosen, with two values of the pitch
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determined by the condition of the relatively low absolute dispersion of approximately
+40 ps/nm/km (starting pitch 1.14 pgm and finishing pitch 1.22 ym). These parameters
suggest that shallow tapering (< 10%) is needed and that the fabrication of metre-long,
shallow tapers is achievable using our tapering facility, [115], described in Chapter 3.
Even knowing the starting and finishing values of the dispersion there is still an infinite
range of possible tapers to consider. For the sake of simplicity I chose a linear profile

for the taper.

The parameters of the MOF that change with tapering are: the chromatic dispersion (s,
higher order dispersion terms (3 (where terms (3 - 19 were considered) and nonlinear
coefficient . Note that it is the effective area that changes along the taper and hence v
does as well. Table 6.1 summarises taper parameters for region d/A=0.95. In all cases
the parameters are calculated for different pitch values and are stored to be used as
the interpolation nodes. Then, the parameters are calculated versus taper length using
linear interpolation. For the illustration purposes Figure 6.5 shows the parameters of
the taper (A, D and 7) changing with the taper length (in the graph the chosen taper

length is 1 m, however it can be optimised as it will be shown in section 6.4).
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Start Stop

A [pm] 1.14 1.22
B2 [ps?/km] 39.131 -62.1121
B3 [ps?/km)] -1.4425 -0.898497
Ba [ps*/km)] 1.00012x10~2 7.3367x1073
Bs [ps®/km)] -6.03832x10~° -4.8947x1075
Bs [ps®/km)] 3.34176x10~7 3.141549x10~7
B7 [ps”/km)] -1.35702x10? -1.8402x107°
Bs [ps®/km]  -3.309644x107'2  7.57013x10~ 12

[

Bo [ps?/km)] 1.84503x10~13  2.946656x10~ 1
Bro [pst®/km] -1.7648569x1071° -6.211819x10~15
v Wt em ™! 58.3419 56.0038

TABLE 6.1: Parameters of the tapered fibre (d/A = 0.95)

6.3 Results and Discussion

The next step, after the determination of tapered MOF parameters, is to model the
optical propagation through the taper. The propagation of pulses in an optical fibre is
described by the generalised nonlinear Schrodinger equation (GNLSE). The GNLSE;, in

the co-moving frame, can be written as:

0A i 0?°A 1 03A

Q i 0 >
4+ g — B ...+ — A =9~(1 A "NIA AN P
8z+2ﬁ2 92 3!ﬁ3 3 + +2 iv(1+ )( (z,t)/o R(t)|A(z,t —t)|7dt")

wWo ot
(6.1)

where A(z,t) is the slowly varying envelope of the electric field, z is the distance along

the fibre, ¢ is time in a copropagating time-frame. The equation takes into account
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the effect of dispersion through i, the effect of nonlinearity through ~ and fibre loss

through parameter «, as discussed in Chapter 2.

The self-steepening and optical shock effects are characterized by a time scale of Tgpock =
1/wg. The numerical model includes the calculated dispersion curve from Figure 6.4.a.
In order to correctly model the real dispersion, contribution of up to 10 terms of the
dispersion has to be taken into account [1], [52]. The higher order dispersion coefficients

5th

are obtained in the simulation by fitting the dispersion data with a 15"" order polynomial.

In this investigation I employed the fourth order Runge Kutta in the interaction picture
method [54] to solve the GNLSE. An array size of 2!* points is used and I set the temporal
resolution to approximately 0.8 fs, which corresponds to a spectral resolution of 80 GHz.
An algorithm with an adaptive step size control is applied so that a sufficiently small
step size has been chosen, which was in the range of 10 - 100 um, in order to follow

rapid spectral changes with propagation.

6.3.1 Method for improving flatness of the SC

SC broadening process strongly depends on the fibre type, pulse duration and pulse
energies used, whilst the figure of merit of the quality of spectra is either the spectra
bandwidth or the best flatness. The major idea that led me through this investiga-
tion was to develop an efficient procedure that could enable determination of optimum
launching conditions that would enhance the flatness of the SC at 1.55 pm (for any MOF
under consideration). This could be particularly interesting in application of spectral
slicing for dense WDM applications. The important characteristic of the procedure is
that it can be generalized, i.e. it can be applied to other wavelengths or different fibres
of interest. The procedure will be presented via the use of short tapered MOFs which

can be easily modelled.

As pointed out earlier in this Chapter, I chose to examine a region of a standard hexag-
onal structure MOF's for the fixed value of the relative hole size (d/A=0.95) (shown in
Figure 6.1.a) and to taper fibres linearly with the profile determined by fibre pitch at
the beginning and the end. Hyperbolic secant pulses with the central wavelength of
1550 nm are launched into the taper. I chose to examine pulses with a temporal width
between 100 fs - 600 fs and with the peak powers between 1 kW - 5 kW (although clearly
other peak powers and time durations can be considered, depending on the the choice
of the optical signal source). The supercontinuum generation for this particular range

of widths and powers is dominated by the Raman scattering and soliton fission [2].

I modelled two different possible cases of propagation through the chosen taper, where
firstly, the pulse is launched from anomalous dispersion regime and propagates to normal
dispersion regime and secondly, the pulse is launched from anomalous dispersion regime

and propagates to normal dispersion regime. For comparison I have also modelled a
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case of an untapered MOF (A=1.2 ym, d/A=0.95) in the anomalous dispersion regime.
Figure 6.6 shows the normalized spectrum versus wavelength for three different cases,
when the input pulse peak power is chosen as 2 kW, input pulse FWHM 100 fs and the
fibre length is 0.5 m. It can be observed that the tapered fibre in the case of tapering
from anomalous to normal dispersion regime has broader spectra and better flatness,
too. Further analysis showed that the SC obtained using these fibres had the same
behaviour for different input pulse parameters, as well. In the analysis that follows the
fibre loss is neglected since the taper length is at most a couple of meters and the loss
of MOFs over this distance can be ignored.
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FIGURE 6.6: Normalized spectrum vs. A when fibre is tapered from anomalous disp.
regime to normal (black), when fibre is tapered from normal to anomalous (blue) and
for the untapered fibre (red); Poy=2 kW, Tp,=100 fs, z=0.5 m.

Since the input pulse parameters are not optimized, the next step is to determine the
optimum launching conditions, such as the input pulse peak power and duration, as well
as the optimum taper length. The method for determination the optimum conditions
for the widest and best spectra flatness is based on calculating the widest SC bandwidth
(B), calculated as - 20 dB width, and the taper length at which it can be achieved and
plotting the corresponding contour plots versus input pulse peak powers and FWHM
durations. Alternatively, maximum of the ratio of the bandwidth and the standard
deviation of the spectra (B/Std), as a measure of the flatness and taper’s corresponding
length are calculated and plotted as contour plots in function of input pulse peak powers

and time durations.
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6.3.1.1 SC generation in a tapered fibre from anomalous to normal disper-

sion regime

Here I show the results of the first case of tapering from anomalous to normal dispersion
regime. Figure 6.7 shows results of calculation of B and Figure 6.8 the taper’s corre-
sponding length where the maximum bandwidth has been achieved. The sech pulse is
launched in the anomalous dispersion regime where D=48.7 ps/nm/km, when A=1.22
pm and propagates in the linear taper until the end of the taper is reached, which

corresponds to D = -30.68 ps/nm/km, when A = 1.14 ym.
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FIGURE 6.7: Maximum SC bandwidth (B), tapered from anomalous to normal, A

changes from 1.22 pm to 1.14 pm.
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FIGURE 6.8: Taper length for maximum SC bandwidth (B), tapered from anomalous
to normal, A changes from 1.22 ym to 1.14 pm.
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In this case the contour plots show that the maximum spectra broadening of about 600
nm can be achieved for the input pulse temporal widths between 450 fs to 600 fs, with
the peak powers between 3.5 kW to 5 kW for the taper 0.3 to 0.9 m long. This result
is expected as broadest SC is achieved for higher pulse energies, as seen in Figure 6.7.
As the energy of the input pulse increases, by increasing either pulse temporal width or
peak power, the required taper length decreases correspondingly, as shown in Figure 6.8
- the minimum taper length corresponds to the higher pulse energies, although it is not

as clear cut as Figure 6.7.
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FIGURE 6.9: Maximum B/Std for tapered fibre when A changes from 1.22 pym to 1.14
pm, d/A=0.95, A=1.55 pm.
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FIGURE 6.10: Taper length where best (maximum) B/Std for tapered fibre, when A
changes from 1.22 pym to 1.14 pym, d/A=0.95, A=1.55 pm.
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Alternatively, the measure of the maximum spectra flatness can be calculated and plotted
as contour plots, too. The maximum of the ratio of the bandwidth and the standard
deviation (B/Std) and the corresponding taper length is shown in Figure 6.9 and Figure
6.10, respectively. This procedure enables defining the spectra width to determine the
best flatness, in case if the specific application sets such a requirement. However, there
are some features in the contour plots that are the product of the rapid spectral changes
during the propagation and are determined by the number of points used for their
calculation. Figure 6.11 shows individual spectra plots for the parameters extracted
from Figure 6.9, in the vicinity of the area of maximum in the contour plot. It can be
observed that the -20 dB points are similar for the three plots, but there are less spectral
fluctuations for the pulse with the parameters Py=3 kW, Tp=500 fs; z=0.5 m, which fall

in the region of the maximum in Figure 6.9.
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FIGURE 6.11: Spectra for the pulse parameters in the vicinity of the area of maximum
in Figure 6.9: (red) Py=2.6 kW, Tp=500 fs; z=0.6 m, (blue) Po=3 kW, To=500 fs;
z=0.5 m; (green) Py=3.6 kW, T;,=>500 fs; z=0.4 m.
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FIGURE 6.12: Top: pulse envelope, input (dashed) and output (solid) for the tapered
fibre from anomalous to normal dispersion regime, when A changes from 1.22 pym to

1.14 pm; Bottom: normalized spectrum vs. wavelength.

(a) Temporal evolution (b) Spectral evolution
0.3 0.3 I 0
0.25 0.25 -5
0.2 0.2 c110
E E
N N
8015 8o1s 15
= =
& ELf
el k7]
a a
0.1 0.1 -20
0.05 0.05 -25
% 0.5 0 0.5 00 1500 2000 e
Time [ps] Wavelength [nm] [dB]

FIGURE 6.13: Temporal and spectral evolution in the tapered fibre for selected prop-
agation distance; Py=5 kW, Ty=500 fs; z=0.3 m.

From the analysis of the contour plots in Figure 6.9 and Figure 6.10 clear optimum
parameters to obtain maximally broad but at the same time maximally flat spectra
(minimum standard deviation) could be determined. The B/Std factor has its maximum
value of 0.88, and in this case the input pulse duration is 500 fs, for the peak powers in
the range 2.6 kW to 3.2 kW, for the taper length between 0.45 m and 0.8 m.



Chapter 6 Investigation of Supercontinuum Generation in Tapered Microstructured
Optical Fibres 126

P0=3 kW; T0=500 fs; z=0.5 m
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FIGURE 6.14: Top: pulse envelope, input (dashed) and output (solid) for the tapered
fibre from anomalous to normal dispersion regime, when A changes from 1.22 ym to

1.14 pm; Bottom: normalized spectrum vs. wavelength.
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FI1GURE 6.15: Temporal and spectral evolution in the tapered fibre for selected prop-
agation distance; Py=3 kW, Ty=500 fs; z=0.5 m.

This region of the optimum launching conditions is different from Figure 6.7 as the
highest pulse energy or the maximum spectra bandwidth does not necessarily imply the
best spectra flatness. According to the optimum launching conditions obtained from
contour plots in Figure 6.7 and Figure 6.8 the widest spectra could be achieved when
the input pulse peak power is chosen to be 5 kW and the duration of 500 fs FWHM,
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whilst the corresponding optimum taper’s length is 0.3 m. Based on these parameters
Figure 6.12 and Figure 6.13 show the resulting output spectrum and time intensity, as

well as the temporal and spectral evolution, for the taper of 0.3 m length.

The resulting spectra bandwidth is approximately 600 nm in this case, as expected from
the contour plot in Figure 6.7. However, if we take into consideration spectra flatness
as well, referring to the contour plots in Figure 6.9 and Figure 6.10 and we choose to
launch the sech pulse with the input pulse peak power 3 kW and 500 fs FWHM width
in the taper 0.5 m long, then the resulting normalized spectrum is within - 20 dB in the

range from approximately 1420 nm to 1840 nm (shown in Figure 6.14 and Figure 6.15).

It can be easily seen that although the normalized spectra is much wider in the former,
better spectra flatness is achieved in the latter case. This result validates the significance
of this approach that could be used when optimization of the input conditions to achieve
the best SC is needed and shows the advantages of this procedure that enables ease of
determination of the input pulse conditions and taper parameters to achieve quality
in SC. Alternatively, it would be possible to search for the best SC width based on the
spectra flatness that is tolerable, depending on the application. This will be implemented

into the procedure in the future work.
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FIGURE 6.16: Constant energy contour plot; calculated contours of the energy of the
sech pulse E = 2Ty Py, where Py is input pulse peak power and Ty = Trw g /1.76.

The results of the SC evolution for the tapered fibre from anomalous to normal dispersion
region show that different SC generation mechanisms take place. Due to the short
pulse durations (Trpw gy = 500fs), the soliton number is N = 19 when Py = 5 kW
i.e. N = 15 when Py = 3 kW, implying that pump pulses are higher order solitons
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and nonlinear effects dominate over dispersion effects. An initial period of spectral
broadening and temporal compression, followed by the soliton fission and formation of
fundamental solitons after several cm of propagation, can be observed. Pumping in the
anomalous dispersion regime, such as in this case, leads to the phase matched generated
components at short and long wavelengths via FWM [126]. Due to the intrapulse Raman
scattering i.e. the soliton self frequency shift (SSFS), these fundamental solitons are
subsequently shifted to longer wavelengths. As approaching ZDW and across into normal
dispersion regime the extent of nonlinear broadening becomes limited and leads to the
temporal broadening. At this stage the process is associated with the generation of

dispersive wave spectral components.

Figure 6.16 shows constant energy contour plot for the sech pulse of various peak powers
and widths. It can be observed that the shape of contours is in an agreement with the
contours of the maximum SC bandwidth presented in Figure 6.7. This result shows that
in a case of tapering from anomalous to normal dispersion regime the maximum SC
bandwidth is determined by the increasing input pulse energy, whilst it is not the case

when the best spectra flatness is required (as seen from Figure 6.9).

6.3.1.2 SC generation in a tapered fibre from normal to anomalous disper-

sion regime

In this section I show the results of the first case of tapering from normal to anomalous
dispersion regime. Figure 6.17 shows results of calculation of the maximum SC width,
B, and Figure 6.18 the taper’s corresponding length where the maximum bandwidth has
been achieved, when sech pulse propagates from the taper’s end that falls in the normal
dispersion regime towards anomalous. In this case the contour plots show that the max-
imum spectra broadening of about 550 nm can be achieved for the input pulse temporal
width of about 350 fs, with the peak power larger than 5 kW and the corresponding
taper’s length is larger than 0.9 m.



Chapter 6 Investigation of Supercontinuum Generation in Tapered Microstructured
Optical Fibres 129

Y | 5

Pulse width [ps]

o

N

a1
w
=]
=]

0.2

0.15

0.1
1000 1500 2000 2500 3000 3500 4000 4500 5000

Power [W]

[nm]

FIGURE 6.17: Maximum SC bandwidth (B), tapered from normal to anomalous, when
A changes from 1.14 pm to 1.22 pm, d/A=0.95, A=1.55 pm.
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FI1GURE 6.18: Taper length for maximum SC bandwidth, when A changes from 1.14
pm to 1.22 pm, d/A=0.95, A=1.55 pm.
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FIGURE 6.19: Maximum B/Std for tapered fibre when A changes from 1.14 pym to
1.22 pm, d/A=0.95, A=1.55 pm.
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FIGURE 6.20: Taper length where best (maximum) B/Std for tapered fibre, when A
changes from 1.14 pum to 1.22 pym, d/A=0.95, A=1.55 pm.

This result shows that in order to achieve better SC characteristics, higher pulse energies
are needed than in case of pulse propagation when pulse is launched from the end which
falls in the anomalous dispersion regime. Contour plots in Figure 6.19 and Figure 6.20
show different optimum launching conditions if B/Std is considered, as in the previous
case, with the maximum value of 0.75 which is significantly lower than 0.88 (that is

obtained in case of pulse propagation from anomalous end of the taper).
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P0=4.5 kW; T0=150 fs; z=0.3 m
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FIGURE 6.21: Top: pulse envelope, input (dashed) and output (solid) for the tapered
fibre from normal to anomalous, when A changes from 1.14 pm to 1.22 pm; Bottom:

normalized spectrum vs. wavelength.
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FIGURE 6.22: Temporal and spectral evolution in the tapered fibre for selected prop-
agation distance; Py=4.5 kW, Tp=150 fs; z=0.3 m.

According to the optimum launching conditions obtained from contour plots in Figure
6.18 and Figure 6.19 the optimum launching conditions could be achieved when the
input pulse peak power is chosen to be 4.5 kW and the time FWHM duration is 150 fs,
whilst the corresponding optimum taper’s length is 0.3 m. Based on these parameters
Figure 6.21 and Figure 6.22 show the resulting output spectrum and time intensity, as

well as the temporal and spectral evolution, for the taper of 0.3 m length.
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6.3.1.3 SC generation in an untapered fibre in the anomalous dispersion

regime

Finally, the same analysis has been done for the case of the untapered microstructured

fibre in the anomalous dispersion regime.

Pulse width [ps]

[nm]

0.6

0.55

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

200

0.1
1000 1500 2000 2500 3000 3500 4000 4500 5000
Power [W]

FIGURE 6.23: Maximum SC bandwidth (B), untapered fibre, when A = 1.22 um,
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The contour plots of the maximum SC bandwidth (B) and B/Std and the corresponding
taper length versus input pulse widths and peak powers, are shown in Figures 6.23 and
6.24, and it can be seen the broadest spectra of about 500 nm (which can be achieved

for peak powers of around 5 kW and pulse FWHM of about 550 fs).

Y

Pulse width [ps]

0.1
1000 1500 2000 2500 3000 3500 4000 4500 5000
Power [W]

FIGURE 6.25: Maximum B/Std for untapered fibre when A = 1.22 pym, d/A=0.95,
A=1.55 pm.
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FIGURE 6.26: Taper length where best (maximum) B/Std for untapered fibre, when
A=1.22 pm, d/A=0.95, A=1.55 pm.
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Figures 6.25 and 6.26 show contour plots of best B/Std factor (which has maximum
value of 0.75 for 300 fs pulse duration and peak power range 4.5 - 5 kW) and the
corresponding taper’s lengths. Results show that both the SC width and B/Std are

lower when compared to the fibre tapered from anomalous to normal dispersion regime.
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FIGURE 6.27: Top: pulse envelope, input (dashed) and output (solid) for the untapered

fibre, when A =1.22 um; Bottom: normalized spectrum vs. wavelength.
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FIGURE 6.28: Temporal and spectral evolution in the untapered fibre for selected
propagation distance; Py=4.5 kW, T,=200 fs; z=0.2 m.

According to the optimum launching conditions obtained from contour plots in Figure
6.25 and Figure 6.26 the optimum launching conditions could be achieved when the
input pulse peak power is chosen to be 4.5 kW and the time FWHM duration is 200 fs,
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whilst the corresponding optimum taper’s length is 0.2 m. Based on these parameters
Figure 6.27 and Figure 6.28 show the resulting output spectrum and time intensity, as

well as the temporal and spectral evolution, for the taper of 0.2 m length.

6.4 Conclusion

In this Chapter I have proposed a method for improving flatness of a SC based upon
tapering the microstructured optical fibres. This approach provides a simple way for
determination of the taper parameters (pitch and relative hole size), to achieve the
required dispersion regime. I chose to taper a MOF with d/A=0.95 and determined

parameters of the taper in terms of starting and finishing pitch values.

The modelling was based on sech pulse propagation in the tapered MOF using GNLSE,
which is solved numerically using the RK4IP method. The SC spectra width (B) and
the ratio of spectra width and spectra standard deviation, which is figure of merit of
the spectra flatness, (B/Std), are calculated and presented as contour plots versus input
pulse durations and peak powers, for the case of tapering from the anomalous to normal

dispersion regime.

These results show better SC features when compared to another case of tapering from
normal to anomalous regime as well as for the case of untapered fibre. I have also shown
that by taking into account the spectra standard deviation it is possible to find conditions
to significantly improve flatness of the supercontinuum, as well. The method proved to
be efficient for easy determination of the optimum launching conditions, thus providing
a simple way of enhancing the spectra properties of SC, which is of the fundamental and

practical interest.

My major contributions in the investigation of SC generation in tapered MOFs are:

1. MOF modelling using finite element method (using Matlab scripts for Comsol
Multiphysics);

2. Generating optical property map for the relevant parameters of the MOF;

3. Generating Matlab script for Comsol Multiphysics to calculate the higher order
dispersion coefficients (3 to (19) by fitting the dispersion data with a 15" order
polynomial, using Richardson’s interpolation (using difference approximation for

derivative of n* order);
4. Generating Matlab script to solve GNLSE, using RK4IP method (Appendix D);

5. Numerical simulation of the pulse propagation in different fibre tapers;
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6. Designing an algorithm/procedure for determination of optimum parameters for
widest /(best flatness) SC.

Directions for future work are towards implementing complete optimisation of the mi-
crostructured optical fibre by taking into account consideration of the overall dispersion
profile of the MOF. This implies that even better SC generation would be achieved if
the optimally designed MOF has been considered.



Chapter 7

Conclusions

In this thesis I have investigated fabrication of the intermediate length tapers and
explored theoretically and experimentally nonlinear propagation in these tapers. Mi-
crostructured optical fibre technology has an important role within the nonlinear fibre
optics techniques, in terms of offering unique control of optical properties. In my work
I have combined the MOF technology and the novel tapering facility in an attempt of

achieving some new applications in the field of nonlinear optics.

In a first step, I have presented the development of the novel optical fibre tapering
system. The new tapering system is based on the Matlab code which controls the
motor controllers processor units and the diameter measuring gauge, using serial RS-232
interface. The system setup is described in details and the algorithm for setting up the
desired tapering profiles is presented. Furthermore, I have shown work done to improve
the system performance by reducing the variation of the measured fibre diameter. I have
described the design steps of the control system feedback loop algorithm. The control
system feedback loop algorithm is used for the implementation of the PI controller with
the associated noise filter. I have presented how starting from the PI controller and noise
filter transfer functions in the Laplace domain, through the discrete time equivalents in
the z domain, I derive the corresponding inverse z transforms, which led to their software
implementation. Subsequently, I have presented several sets of experimental results of
tapering step-index and MOF fibres. Firstly, for the non-monotonically varying fibre
profile, the diameter variation is shown for the cases with and without the control
feedback loop in the system. By means of minimum mean error and standard deviation,
these results justify an improvement achieved with the implementation of the control
feedback loop. The capabilities of the novel tapering system were demonstrated further
on two more examples: a.) step index fibre tapered periodically along 60 cm of length
and b.) step index fibre tapered linearly 70% along 20 cm of length. Finally, the
experimental result of tapering the solid-core MOF 50% along 60 cm length, is shown.
In this case the SEM images of this taper were taken at different propagation distances,

which confirmed the structural change within the taper.

137
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As a second step, I have explored theoretically the application of parabolic pulse gen-
eration in the new, intermediate range MOFs tapers. I have demonstrated a procedure
for modelling and simulation of a MOF taper. In the proposed method, starting from
the optical map, the parameters of the MOF taper, needed for the parabolic pulses
generation, are determined. I proposed two different tapers with a linear pitch profile,
for two values of the air-filling factor. The nonlinear pulse propagation is performed
using numerically solving the NLSE. I have shown how initial Gaussian pulses of various
input peak powers and temporal widths propagating in the tapered MOF, evolve into
parabolic pulses characterised by a linear chirp. Results are quantified using the misfit
parameter, which measures the root mean square error between the propagated pulse
and its parabolic fit in the time domain. Significantly, the modelling procedure enables
determination of the optimum launching conditions and taper’s length that enables best
parabolic pulse generation. The optimisation can be important in cases when pulse

reshaping is conditioned by the initial pulse energy availability.

Then, I extended this work into the area of the experimental investigation of the
parabolic pulse generation in the intermediate range tapers. I have presented numer-
ical and experimental results of the three experiments conducted using three different
tapers. The various lengths (40 cm, 60 cm and 1.8 m) tapers were fabricated using
the novel tapering facility. The pulse propagating through the taper was characterized
using linear FROG method. In this investigation the results of experiment and simula-
tion were compared confirming the overall good agreement between them. The results
show consistent convergence towards the parabolic pulse at the taper’s output, with the

increase in the input pulse power levels.

Finally, I have shown the results of investigation of the supercontinuum generation
in tapered MOFs. I have proposed a method which ultimately improves flatness of
a SC. This method consists of several steps. It starts with the use of optical maps
to find the taper parameters, just as the parabolic pulse generation modelling starts.
However, in this case, the nonlinear pulse propagation is modelled using GNLSE, which
is solved numerically using the RK4IP method. Then, the SC spectra width and the
ratio of spectra width and spectra standard deviation, which is figure of merit of the
spectra flatness, are calculated. In analogy to the procedure for the best parabolic pulse
generation, these calculated measures of the SC property are presented as contour plots
for various input pulse durations and peak powers. In this method, the enhancement of
the spectra properties of SC is confirmed by tapering MOF. Significantly, the method
proved to be efficient for easy determination of the optimum launching conditions, which

consequently leads to better spectra flatness or wider bandwidth.
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Future work

The work conducted in this thesis has identified several areas of research for the future

investigation.

The results presented in Chapter 3 demonstrated good accuracy in the taper diameter
variation. In order to achieve better control of the dispersion and nonlinearity I have
chosen to taper MOFs. However, tapering of such fibres with the tapering ratios of >10%
leads to problems of holes collapse, as seen in [116]. Therefore, to overcome problems
due to the surface tension which causes holes to collapse, the pressurisation needs to be
applied during the tapering. Active pressurisation during the tapering process would
enable selective control over the hole size and pitch of the MOF, during the tapering
procedure. There have been references to the controlled hole expansion in MOFs by
heating the fibre while holes were pressurised [140], [141]. Fully understanding and
controlling the process of pressurisation will require monitoring the structural parameters
during the tapering process. Previously, I have used the SEM technique to analyse
structural parameters of the tapers, which is a destructive method and is not suitable for
this purpose. Therefore, there is a need to develop alternative measuring technique. The
possible solution has been experimentally demonstrated by other researchers [65]. It has
been shown that in the transverse plane microstructured optical fibres exhibit bandgaps
whose central frequency scales linearly with A [65]. The strength of the bandgaps depend
on the d/A, so transverse probing of the fibre with the white light source can allow

structural parameter determination.

Various applications may benefit from the novel fibre tapering facility. For the applica-
tion such as adiabatic soliton compression, which is an attractive technique extendable
to the femtosecond domain, this new approach can be of a particular interest. An adia-
batic soliton compression requires the control of the fibre diameter with a longitudinal
precision which couldnt be achieved with the existing techniques. By using this tech-
nique it is possible to make suitable tapers which should have low loss since the mode is
still well confined in the core. The novel tapering facility could be, also, potentially used
to fabricate tapers used for the efficient Brillouin suppression, as tapers needed require
constant A and decreasing d/A. It has been shown theoretically that by modulating
the Brillouin gain bandwidth along the length of the fibre the effective threshold for

stimulated Brillouin scattering can be increased [31].

Research conducted in the area of parabolic pulse shaping could be extended to the
goal of producing compressed pulse within the fs range and ultimately single cycle
pulses. Having available the tapering facility able to produce arbitrary taper shapes,
the investigation of parabolic pulse generation could be also extended to different taper
profiles (such as hyperbolic or exponential) with different dispersion limits in the normal

dispersion regime. Also, an inverse MOF taper design could be applied, so that having
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specified minimum misfit parameter value, search for the optimum taper profile can be

conducted.

The experimental results presented in Chapter 5 demonstrated early stages of the
parabolic pulse generation and convergence towards the parabolic pulse with the in-
crease of the input power. However, it is possible to further improve the experimental
conditions. The main limiting factor in the experiments was the lack of the appropriate
fibre and the difficulty to handle long tapers without being recoated. The fibre recoater
became available near to the end of my work, therefore it hasn’t been fully exploited
in the experiments. This is definitely the obvious way of improving the MOF taper
robustness, allowing fabrication of significantly longer taper lengths. Another drawback
of the experiment was limitation of the peak power input into the taper. This can be
overcome in the future work, by using high power amplifier capable of producing higher
powers and by improving the coupling efficiency into the fibre taper (e.g. by splicing
the single mode fibre to the highly nonlinear fibre, thus obtaining smaller spot size of

the incident beam or by using the nanopositioning piezo-electric xyz stages).

It has been shown in Chapter 6 that tapering strategies provide great scope of achieving
enhanced properties of SC spectra. The investigation in this chapter has suggested the
direction for possible future work. Further steps could be conducted in the direction of

the complete optimisation of the MOF, by considering overall dispersion of the fibre.



Appendix A

Automatic Matlab based post
processing of the SEM images

This appendix presents a tool for post processing the images obtained using Scanning
Electron Micrograph in order to find the geometry parameters of the fibres under exam-
ination. Using this tool it is possible to automatically measure parameters of the MOF's
such as hole diameter, pitch value, d/A ratio or the core diameter. The program is writ-
ten in Matlab and is based on using the Image toolbox. This program was developed
due to the practical importance to post process the results of the structural parameters
analysis using SEM technique and was used throughout this thesis. The example used

for illustration purposes corresponds to the Figure 3.18.a, now shown in Figure A.1.

FiGURE A.1: The SEM image at the start of the post processing procedure

In the first step the function bwareopen, which reads grayscale image from the graphic

file, is called. This function removes from a binary image all connected objects that are
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smaller than tens of pixels producing another binary image. It is followed by function
bwboundaries, which traces the exterior boundaries as well as boundaries of holes inside

objects.

Afterwords, the function regionprops, which measures properties of the image regions,
is called. The properties of the image region are: area, centroids, perimeter, equivalent
diameter etc. The diameter of the holes can be quickly calculated by finding the average
value of all equivalent diameters of the structure (or apart from the last ring of holes
which usually expands the most). In the next phase the image is being labeled so that

holes are associated with numbers, as in Figure A.2.
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F1GURE A.2: The MOF cross section with the holes being labeled

From Figure A.2 we can distinguish which rows of holes we wish to use for the parameters
determination. Just as we would do it manually, we could choose number of rows
containing holes. We could exclude the last ring of holes (which expanded mostly) and
the holes whose size is inappropriate (due to the imperfections while drawing the fibre
or due to the low quality of the SEM image taken). Also, in manual treatment we would
choose holes in three different axis (planes) of the cross section. In the tool proposed
two methods are available for the geometry parameters measurement. The first method
(uses function calc_dist) for finding values of the pitch is based on calculating the
distance between the centres of the holes (for the chosen arrays of holes in different
directions) and finding the average of this. Using this method, for the example chosen
we measured the A = 1.8443 ym, d = 1.6414 pum and consequently d/A = 0.89.

In the second method (shown in Figure A.3) we find automatically the cross points
between the hole (circle) and the line we draw across the chosen array of holes in different

directions (as we would do manually), using function cross_points. The pitch value is
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calculated as the total distance between the first and the last cross point divided by the

number of holes in between.
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FIGURE A.3: The MOF cross section used for A calculation

Using the second method, for the example chosen in Figure A.3 we measured A = 1.8236
pm, d = 1.7324 pm and consequently d/A = 0.95.

The comparison of the first and the second method shows that there is small discrepancy

of the results, but we could consider both methods similar and approximately correct

and reliable. The advantage of using this proposed tool for the geometry parameters

measurements is that the procedure is much faster and it offers better accuracy in

comparison to the manual method. Important point is, that regardless of which method

we use the accuracy of the measurement depends on the quality of the SEM image.

h
o
h
o

b

h

h
o

h

Natasha Vukovic, ORC Southampton, 06/06/2007
script enables post processing of the images obtained using
SEM, in order to find the geometry

parameters of the fibre under examination
uses following functions and scripts:
a.) calc_dist: calculates equivalent distances between centres

of the centroids of the structure

function drowm=calc_dist(row,cent)

b.) cross_points: finds automatically the cross points between the
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% hole (circle) and the line drawn across the chosen array of
% holes in different directions (as it is done manually)

% [pitch,xk,yk]=cross_points(B,cent,rw,scale)

% calculates parameters:

% a.) D1: the average value of all equivalent diameters

% (equ_diam - obtained from regionprops), of the structure
% b.) pitch_1: the average value of the pitches

% c.) ratiol: calculated d/Lambda using the first method

% d.) D2: the average value of all equivalent

% diameters (equ_diam) of the structure

% e.) pitch_2: the average value of the pitches

% f£.) ratio2: calculated d/Lambda using the second method

clear all;

clc;

close all;

file_name = ’ST13-1A-S3-M9000-P26. jpg’;

I = imread(file_name);

figure(1) ,imshow(I) ,hold on,

Ibw = (I<=60);

% remove all object containing fewer than 30 pixels

Ibw = bwareaopen(Ibw,30);

% £ill any holes, so that regionprops can be used to estimate

% the area enclosed by each of the boundaries

Ibw = imfill(Ibw, ’holes’);

[B,L] = bwboundaries(Ibw, ’noholes’);

s = regionprops(L,’area’,’centroid’, ’EquivDiameter’);

areas = cat(l,s.Area); areas = areas(l:end,:);

centroids = cat(1l, s.Centroid); cent=centroids(l:end,:);

equ_diam = cat(1l,s.EquivDiameter);

for ind = 1:length(B)
boundary = B{ind};
figure(3),plot(boundary(:,2),boundary(:,1)),hold on,
text(cent(ind,1),cent(ind,?2) ,num2str(ind),’Fontsize’,8)

end

%FIRST METHOD: calculates equivalent distances between centres

% of the centroids of the structure for the chosen array
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% of holes in different directions
scale = 20e-6/1501;
rowl=[15,25,38,51,67,80,94];

drowm(1)=calc_dist(rowl,cent);

. % FOR BREVITY REASONS AVERAGING OVER DIFFERENT ROWS
. % IS NOT SHOWN

D1 = mean(equ_diam)*scale;
pitch_l=mean(drowm) *scale;

ratiol=D1/pitch_1;

% SECOND METHOD: Calculates the distance between

hcross points between the

% hole (circle) and the line drawn across the chosen array of
% holes in different directions (as it is done manually)
rwl=[15,80,5];
[pitch(1),xk,yk]=cross_points(B,cent,rwl,scale);

D(1) = mean(equ_diam([25,38,51,67,80]))*scale;

. % FOR BREVITY REASONS AVERAGING OVER DIFFERENT ROWS
. % IS NOT SHOWN.

D2=mean (D) ;
pitch_2 = mean(pitch);

ratio2 = D2/pitch_2;

return;



Appendix B

Matlab code for the tapering rig

control system implementation

This appendix contains the relevant bits of code, that I have written in Matlab, for the
application that controls the feeding and drawing motors of the tapering system. Only
parts of the code associated with the preprocessing of the diameter profile parameters

are shown below. The full code is available in the laboratory for use.

The important variable in the code is Feedback Closed. It determines if the feedback
loop is closed (=1) or it is open (=0). Another important variable is SwitchFeed.
If it is set to zero, it enables the speed profile in which feeding motor speed is kept
constant and exit motor speed changes according to Equation 3.1 (shown in Figure
3.4.a). Otherwise, If variable SwitchFeed set to one, that enables the speed profile in
which exit motor speed is kept constant and feeding motor speed decreases in relevance
the chosen diameter profile, in accordance to Equation 3.1 (shown in Figure 3.4.b).
Third important variable is MaxSpeedActive. If it is set to value of one, speed profile

similar to Figure 3.4.c (it depends on the chosen taper profile) could be obtained.

% Natasha Vukovic, ORC Southampton, 01/04/2007

% script enables determination of the parameters needed for the tapering

% control system and calculation of the taper profile

linv_rotv = 9.1e-6; 7% linear velocity 9.lum per rotation

pure_delay = 0.09; % distance btw heater and the measurement head
dist_mh_exitm = 0.05; % distance btw the measurement head and the exit motor

exit_motor_length =0.2; % the exit motor length

bad_fiber = 2e-3; % to allow for fibre to be placed into the heater
Dfeed = 125e-6; % Start diameter

vstart = 3000; % feed motor start velocity [rpm]

v_inital_min = 60; 7 velocity [rpm] at the beginning of tapering,
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»to avoid problems with slow movement
Dstart = Dfeed*sqrt(l-v_inital_min/vstart); % Desired exit diameter at the begin.
MaxSpeedActive = 0; % (=1) or (=0)
SwitchFeed = 1; % if (SwitchFeed=1) feed motor speed drops
Feedback_Closed = 1; % Feedback closed/open

ini_rat = Dstart/Dfeed;
Jiperiodic taper profile
Diam_Dist_vect=[0.2, 0.2, ini_rat,ini_rat,0.2, 0.2,ini_rat;
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7];

% Append initial segment of length pure_delay (no feedback on this segment)
Diam_Dist_vect = [ini_rat,ini_rat,Diam_Dist_vect(1l,:);

0,pure_delay, Diam_Dist_vect(2,:)+pure_delay];
Diam_Dist_vect(l,:) = Dfeed*Diam_Dist_vect(1,:);

No_segm = size(Diam_Dist_vect,2)-1;

a_D
b_D

diff (Diam_Dist_vect(1,:))./diff(Diam_Dist_vect(2,:));
Diam_Dist_vect(1,1:end-1)-a_D.*Diam_Dist_vect(2,1:end-1);

Lend = Diam_Dist_vect(2,end); % taper length
% total tapering length:

Lfinal = Lend+pure_delay+dist_mh_exitm+exit_motor_length;

%%...SOME PARTS OF THE CODE ARE NOT SHOWN

WNF filter used for filtering the control (exit velocity)
wnf = 2%pi/500;

% gamma and delta used to implement low pass filter
gamma = exp(-Ts*wnf) ;

delta

1-gamma;

% alpha and beta used to implement PI controller
Ki = 2%pi/2000;

11 = 2;Kp = 1/11;

alpha = exp(-Ki*11xTs);

beta = 1/11;
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%%...SOME PARTS OF THE CODE ARE NOT SHOWN
FirstSwitch = 0;
Ts = 0.5;
while(12(ind_t)<Lfinal)
ind_t = ind_t+1;
11(ind_t) = 11(ind_t-1)+Ts*vfeed_filt(ind_t-1)*1linv_rotv/60;
12(ind_t) = 12(ind_t-1)+Ts*vfeed_filt(ind_t-1)*1linv_rotv/60;
if (12(ind_t)<(Lend+pure_delay))
% based on distance find which a_D and b_D to use
ind_segment = min(No_segm,max(find(12(ind_t)>Diam_Dist_vect(2,:))));
Ddes(ind_t) = a_D(ind_segment)*min(Lend,max (0, (12(ind_t))))+,...
b_D(ind_segment) ;
that_ratio = (Dfeed/Ddes(ind_t))"2;
vfeed(ind_t) vfeed(ind_t-1);
vfeed(ind_t-1)*that_ratio;

vexit(ind_t)
if (MaxSpeedActive)
if ((vexit(ind_t)-vfeed(ind_t))>MaxSpeedDif) % decrease vfeed
vfeed(ind_t) = round((SpeedHeadRoom*MaxSpeedDif)/(that_ratio-1));
vexit(ind_t) = vfeed(ind_t)*that_ratio;
FirstSwitch = 1;
elseif (FirstSwitch==1) && (vexit(ind_t)-vfeed(ind_t) <,...
SpeedHeadRoom*MaxSpeedDif) ¥ increase vfeed
vfeed(ind_t) min(vstart,round(abs((MaxSpeedDif)/(that_ratio-1))));
vexit(ind_t) = vfeed(ind_t)*that_ratio;

end
end
if (SwitchFeed)
vexit(ind_t)
vfeed(ind_t)

vexit(ind_t-1);
vexit(ind_t)/that_ratio;

else
vexit(ind_t) = vexit_delay;
vfeed(ind_t)
Ddes(ind_t) = Dfeed*sqrt(vfeed(ind_t)/vexit(ind_t));

vieed_delay;

end

vfeed_filt(ind_t) vfeed(ind_t);

vexit_filt(ind_t)

vexit(ind_t);

end
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Matlab code for the simulation of

parabolic pulse generation in
tapered MOFs

This appendix contains part of the code that I have written in Matlab, which simulates
parabolic pulse generation in tapered MOF's. This code was used to generate the results
both in Chapter 4 and Chapter 5. Numerical solution of the NLSE is based on the

symmetrized split step Fourier method, implemented in the function sspropc [53].

Firstly, in the program, previously calculated GVD, third order dispersion and non-
linearity coefficient are polynomially fitted to the number of pitch values, then used
as the interpolation points to calculate the respective parameters versus taper length,
using linear interpolation. The program supports three different taper profiles: linear
pitch, linear GVD and hyperbolic GVD. Although during the simulation I have exam-
ined parabolic pulse generation in three different taper profiles, for the reason of ease
of fabrication, I focused on the linear pitch profile. The propagation is observed for the
input Gaussian pulse of various input FWHM and peak powers. The results are quan-
tified using the misfit parameter, M?, using function fit_pulse_params. This function
governs a Nelder-Mead nonlinear optimization algorithm to ensure the best fit of the
output pulse to the parabolic profile. In addition, for a number of steps of diameter
changes, the results are saved in an array Al1Params. This array enables contour plots
representation of the minimum misfit parameter and corresponding taper length in func-
tion of pulse FWHM and peak power. Only some parts of the code are shown below for

clarity.

% Natasha Vukovic, ORC Southampton 14/03/2007
% script shows parabolic pulse formation for normal dispersion MOF for

% linear change of pitch for different tapers (d_L=0.2; 0.3; 0.8)
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% USES FUNCTIONS AND SCRIPTS:

% sspropc - free licence software that solve the NLSE using split step Fourier method
%hul=sspropc(u0,dt,dz,nchange,alpha,betap, gammap),

% where:

% ul- output optical field;

%u0 - input optical field, complex, slowly varying envelope of

%the optical field; dt - the time increment between adjacent
Jipoints of the vector u0;

% dz - the

%step-size to use for propagation;

Jnchange - the number of

Jisteps to take;

% alpha - the linear

hpower attenuation coefficient;

% betap - polynomial expressing dispersion;

% gammap - nonlinear coefficient of the fibre

% fit_beta_gamma_L: this script fits beta and gamma as a

% polynomial function of L

% fit_pulse_params: wrapper for pulse parameter fitting

% [params,errval] = fit_pulse_params(t,pulse,pulse_choice,plot_opt)
% impulse_fit: to calculate fit error used in fminsearch

% error_sum = impulse_fit(params,pulse_choice,puls,t,t0,plot_opt)

% pulse_bandwidth: to calculate freq. domain pulse characteristics
% [bandw,maxA,AdB,f0,f1,dirty] = pulse_bandwidth(amplitude,f,drop_dB)
% Saves AllParams array with the following format:

% AllParams = [zmax,power, Pulse_width, distance,Bx/BO,misfit,PO,...
% nt - No of samples (power of 2)

% plot_divider - Every plot_divider distance step is plotted and
Jipulse parameters fitted

% pulse_choice - parabolic fit;

% Distance parameters: tapering is performed from LO at z=0 to L1 at z = L1.
%Changing Max_z changes the diameter gradient of tapering.
% No_z -> Number of lengths in [Min_z,Max_z] to simulate

% lengths available in z_array

% Min_z -> minimum distance
% Max_z -> maximum distance
% z_array -> array of distances

% INITIAL PULSE POWERS
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% No_power -> No. of diff. init. powers in [Min_Power Max_Power] range
% Min_Power -> minimum initial power

% Max_Power -> maximum initial power

% powerv -> vector of initial powers

% INITIAL PULSE WIDTHS

% No_width -> No. of diff. init. pulse widths in [Min_Width, Max_Width] rang
% Min_Width -> minimum initial width

% Max_Width -> maximum initial width

% pwidths -> vector of initial pulse widths

% No_change —-> Number of diameter changes

echo off;

clc;

clear all;

close all;

nt = 2714;

€c=2.997924580105029e+08;

plot_divider
plot_opt = 1; % 1 enable fit plot, O disable fit plot

1; % plot and fit pulse/pulse params every plot_divider steps

pulse_choice = ’parabolic’; Y parabolic fit

taper_profile = ’linear_L’;

%taper_profile = ’linear_beta’;

Jtaper_profile = ’hyperbolic_beta’;

z_array=[1.8];
No_z=length(z_array) ;

% Number of different initial powers
Min_Power = 2e3; % W]
20e3; % W]

Max_Power
No_power=30;

powerv = linspace(Min_Power,Max_Power,No_power);’, vector of initial powers

% Number of different initial pulse widths
Min_Width = 0.4e-12; %
Max_Width 5e-12;



Appendix C Matlab code for the simulation of parabolic pulse generation in tapered
MOFs 152

No_width=30;
pwidths = linspace(Min_Width,Max_Width,No_width); % vector of initial pulse widths

% re-calculate beta and gamma as f(distance) No_change times

No_change = 100;

% polyfit beta and gamma as a function of L
%fit_beta_gamma_L; %data for d_L=0.3 - taper B
fit_beta_gamma_LA; %data for d_L=0.8 - taper A
%fit_beta_gamma_LC; Y%data for d_L=0.2 - taper C
alpha=0; %fibre loss

AllParams = zeros(No_z*No_power*No_width*(No_change+1)/plot_divider,10);

curr_ind = 0;

start_time = clock;

for ind_z = 1:No_z,

z = z_array(ind_z);

dz=1le-5; % step size [m]

z_nor=1; % normalized distance 1m
nz=(z*z_nor)/dz; %total numer of steps

nchange = round(nz/No_change) ; % Number of steps per change

nz = nchange*No_change; % recalculated total number of steps

Jmain loop
for ind_p=1:No_power,

power=powerv(ind_p) ;

for ind_width = 1:No_width,
Pulse_width = pwidths(ind_width);

if (Pulse_width<0.5e-12) 7% short pulses expand more
T = 350%Pulse_width; % Time interval [ps]

else
T

end

100*Pulse_width;

dt = T/nt; % Sample time [s]
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Fs = 1/dt; % Sampling Frequency [Hz]
Fmax = Fs/2; % Maximum Frequency without aliasing [Hz]
df = 1/T; % Frequency resolution [1/Hz]
t = ((-T/2):dt:(T/2)-dt)’;
f = (-Fmax:df:Fmax-df)’; 7% frequency vector
w = 2xpix[(0:nt/2-1), (-nt/2:-1)]’/(dt*nt);’% angular freq. vector

lambda_wav=1.55e-6;

f_wav cc/lambda_wav;

Omega = 2*pi*cc/lambda_wav;
lambda_w=2*pi*cc./fftshift (w+Omega) ;

[sort_lambda,ind_sorted] = sort(lambda_w);

u0 = gaussian(t,0,Pulse_width,power);

zv = (z/No_change)*(0:No_change) ;
u = zeros(length(t),length(zv));
u(:,1) = u0;

UX =dt*fftshift(fft(fftshift(u(:,1))));
UMAG abs (UX) ;
UPHASE angle (UX) ;

[BO,maxA,AdB,f0,f1,dirty] = pulse_bandwidth(UMAG,f,-3); % 3dB bandwidth
[params,misfit] = fit_pulse_params(t,u0,pulse_choice,plot_opt);
curr_ind = curr_ind +1;

AllParams(curr_ind,:) = [z,power,Pulse_width,0,1,dirty,misfit,params];

for ii = 1:No_change,
Curr_distance = ii*nchangex*dz;
if isequal(taper_profile,’linear_L’) %linear L
L=1lin_a*Curr_distance+lin_b;

betap=[0,0,polyval (beta_pol,L, [],Mu_beta)];

elseif isequal(taper_profile,’hyperbolic_beta’)%hyperbolic beta?2
curr_beta2 = (fit_struc.max_beta2)/(1+Gamma_O*Curr_distance);
L = polyval(L_beta_pol,curr_beta2,[],Mu_L_beta);
betap = [0,0,curr_beta2,polyval(beta3_pol,L, [],Mu_betal3)];

elseif isequal(taper_profile,’linear_beta’)%linear beta2
curr_beta2 = lin_a*Curr_distance + lin_b;

L = polyval(L_beta_pol,curr_beta2, [],Mu_L_beta);
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betap = [0,0,curr_beta2,polyval(beta3_pol,L, [],Mu_beta3d)];

end
gammap=polyval (gamma_pol,L, [],Mu_gamma) ;
u(:,ii+1) = sspropc(u(:,ii),dt,dz,nchange,alpha,betap,gammap) ;

% Every plot_divider distance will be plotted and fitted
if (mod(ii,plot_divider)==0)

UX =dtxfftshift(fft(fftshift(u(:,1i+1))));

UMAG abs (UX) ;

UPHASE = angle(UX);

[Bx,maxA,AdB,f0,f1,dirty] = pulse_bandwidth(UMAG,f,-3); %3dB bandw.

[params,misfit] = fit_pulse_params(t,u(:,ii+1),pulse_choice,plot_opt);
curr_ind = curr_ind +1;

AllParams(curr_ind,:) = [z,power,Pulse_width,Curr_distance,Bx/B0,dirty,misfit,params]

Y/
end %plot_divider
end % for initial pulse widths
end % loop for power

end % loop for z

return;
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Matlab code for the SC generation
simulation based on RK4IP
method

This appendix contains part of the Matlab code that I have written which solves GNLSE
using RK4IP method, [54]. Model includes the following effects: fibre loss, higher order
dispersion, Kerr effect, Raman delayed response, self-steepening and optical shock effect.

The function used is ssprope, which is called using the following command:
function [ul,h,tol] = ssprope(u0,dt,dz,nz,alpha,betap,gamma,fr,w0,tol,maxiter)

The function returns the output pulse envelope ul, propagation step h and tolerance tol
(they are adaptively changed). The input parameters are: u0 - starting field amplitude
(vector), dt - time step, dz - propagation step size, nz - number of steps to take, i.e.,
ztotal = dz*nz, alpha - power loss coefficient, i.e. P=P0*exp(-alpha*z), betap - disper-
sion polynomial coefficients, [y ... (], 7 - nonlinearity coefficient, fr - the fractional
contribution of the delayed Raman response to nonlinear polarization, w0 - parameter
related to optical shock effect, maxiter - max number of iterations, tol - convergence

tolerance.

For illustrative purposes, the SC evolution according to the numerical example in Ref.
[52], (Fig. 3), is given. In accordance to Ref. [52], input parameters are: sech input
pulse, pulse FWHM is Tp=50 fs, pulse peak power Py=10 kW, shock effect 74p,,.,=0.56 fs,
propagation distance z=0.15 m. The operating wavelength is 835 nm, nonlinearity
coefficient y=0.11 W ~'m~! and Taylor series expansion coefficients from (33 to Bi¢ are

given in the code.

Figure D.1 presents graphs of the pulse temporal and spectral evolution. Figure D.2

shows pulse envelope at the input and after the propagation distance of 15 cm and the
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normalized spectrum after 15 cm of propagation. Figure D.3 and Figure D.4 present
pulse temporal and spectral evolution for selected propagation distances. The results
show excellent agreement with the results after Ref. [52] and confirm the agreement
between the results obtained using RK4IP method and SSFM (used in Ref. [52]) and so
validate the accuracy of the simulation. This Matlab code was used for the simulation
throughout Chapter 6 in this thesis.

(a) Temporal evolution (b) Spectral evolution
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% Natasha Vukovic, ORC Southampton 9/06/2008

%calculates SC using split step F. method for Dudley’s example
Juses function ssprope.m (based on RK4IP method)

clc;

clear all;

close all;
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% initial parameters

ps = le-12;

pss_per_m = ps.”[2:10]/1000;

%Taylor series expansion coefficients

beta=[0,0,[-11.83 8.1038e-2 -9.5205e-5 2.0737e-7 -5.3943e-10,...
1.3486e-12 -2.5495e-15 3.0524e-18 -1.714e-21] .*pss_per_m];
gamma=0.11;

fr=0.18;

w0 = 1/(0.56e-15);

z = 0.15; Ypropagation distance

nt = 2714; 7 No of samples

0.005;

power = 10e3;

Pulse_width = 50%1e-15;

Sstep

z_vect = [0:Sstep:z];
No_z = length(z_vect);
T =128*Pulse_width; %Time interval

dt = T/nt; % Sample time [s]

Fs = 1/dt; % Sampling Frequency [Hz]

Fmax = Fs/2; % Maximum Frequency without aliasing [Hz]
df = 1/T; % Frequency resolution [1/Hz]

t = ((-T/2):dt:(T/2)-dt)’; Y% time vector [s]

f = (-Fmax:df:Fmax-df)’; % frequency vector

w = 2%pi*[(0:nt/2-1),(-nt/2:-1)1’/(dt*nt); % angular frequency vector

cc = 2.997924580105029e+08;
lambda_wav=835e-9; Y%wavelength
Omega = 2*pi*cc/lambda_wav;
lambda_w=2*pi*cc./fftshift (w+0mega) ;

cc/lambda_wav;

f_wav
Omega = 2*pi*cc/lambda_wav;
lambda_w=2*pi*cc./fftshift (w+Omega) ;

[sort_lambda,ind_sorted] = sort(lambda_w);

%input pulse
uO=sechpulse(t,0,Pulse_width,power);
nz = round(z/Sstep);

u = zeros(length(u0),nz);

UX = zeros(length(u0),nz);
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u(:,1) = u0;
UX(:,1) = fftshift(abs(dt*fft(u(:,1)/sqrt(2*pi))."2));

%hsorting wavelengths
[magnor,LambdaBw,LambdaArea,lambda_min,lambda_max,LambdaStd,LambdaMean] =, ...
lambdadata(UX(:,1),lambda_w);

No_end_prop = nz;

StepTol = zeros(No_end_prop+1,2);
dz = Sstep;

tol = 0.05;

for ii = 1:No_end_prop,
StepTol(ii,:) = [dz,tol];

[u(:,ii+1),dz,tol] = ssprope(u(:,ii),dt,dz,round(Sstep/dz),0,beta,gamma,fr,w0,tol);

UX(:,ii+1) = fftshift(abs(dt*xfft(u(:,ii+1)/sqrt(2*pi))."2));
Curr_distance = z_vect(ii)+Sstep;
pulse=u(:,ii+1);
[magnor,Lambdan,LambdaArea,lambda_min,lambda_max,LambdaStd,LambdaMean] =, ...
lambdadata(UX(:,ii+1),lambda_w);

end
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