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"The ideals that have lighted my way, and time after
time have given me new courage to face life cheerfully,
have been Kindness, Beauty, and Truth. Without
the sense of kinship with men of like mind, with-
out the occupation with the objective world, the
eternally unattainable in the field of art and scien-
tific endeavors, life would have seemed empty to me.
The trite objects of human efforts possessions, out-
ward success, luxury have always seemed to me con-
temptible.".

Albert Einstein



INTRODUCTION

Optical fibers, which are used basically in telecommunication systems [1],
are fabricated from a thin glass thread that is slightly thicker than a human
hair; they are used for the transmission of light from one place to another,
similar to a copper conductor conducting electrical signals or power [2].
Optical fibers also play an important role in systems of industrial lasers,
medical devices and in different sensory equipment.

Conventional optical fibers for telecommunications are typically made of
two layers of glass or silica: an inner core, doped with small amounts of
other material (generally germanium), and an outer cladding, made of pure
silica. The refractive index difference between the core and the cladding
makes that the light entering at one end of the fiber be reflected at the
core-cladding interface along the fiber, through a mechanism known as total
internal reflection (TIR), and this effect makes the fiber transmit signals over
longer distances at higher data rates than other forms of communication;
additionally, fibers offer lower attenuation and immunity to electromagnetic
interference |2, 3].

Due to the exponential growth in the demand for transmission capacity, it
is already evident that the next generation of telecommunication networks
will be radically different from the existing one.

Besides their applications in telecommunications, optical fibers are also
widely used for remote sensing, medical imaging, illumination, machining
and welding applications because of their smaller size, lighter weight, chem-
ical inertness, larger bandwidth, longer repeat span, electromagnetic immu-
nity, and many other intriguing properties [3, 4].

The importance of optical fibers increased in the last decade. Coherent
detection, with powerful digital signal processing, is used to maximize the
available capacity of each optical fiber within a network; however, without a
radical innovation in the growth of the basic infrastructure of the Internet,
the application of these techniques will only delay the inevitable crisis of
capacity for a few years.

The internet of the future will be severely restricted. Research on new fiber
transmission of information is something that is urgently needed. In recent
years, two new kinds of optical fibers have revolutionized this dynamic field,



bringing a wide range of new optical properties. These new fibers, known
as photonic crystal fibers or microstructured fibers, can be manufactured
entirely from a single type of glass (or polymer), since it is not based on a
dopant for the transmission of light. In these fibers, unlike in conventional
ones, the cladding is made up of small air holes, traveling along the fiber.




GOALS

Through my Ph.D. work, “Design, Fabrication and Investigation of Special
Microstructured Fibers”, we expected to obtain the following results:

In the first stage, we expected to obtain more regular structures of air-holes
in the PCF and less attenuation in these fibers, and we intended to get a
finer and more precise control of the geometrical parameters of the fabricated
fiber, such as the core diameter, the diameter of the holes (d) and the d/A
ratio.

As the second and more important goal, we tried to obtain different kinds
of High Nonlinearity (HNL) PCF. First, we tried to obtain some HNL PCF
similar to the already fabricated and commercially available fibers. Then,
we tried to optimize these fibers using the empirical method of HNL PCF
design to calculate a flattened HNL PCF, which is a PCF that has a large
bandwidth with values very close to zero dispersion. We also tried to fab-
ricate the designed PCF with flattened dispersion for different numbers of
air-hole rings around the core.

As the next step, we measured the obtained geometrical parameters of those
special fibers, measured the attenuation in all the fabricated fiber, and we
analyzed dispersions of each one.

Also, we tried to demonstrate that when we have a lower number of air-hole
rings around the core in a PCF, it is possible to obtain single-mode fiber
transmission, even at the d/A ratio of 0.6.

As the last goal, we tried to achieve supercontinuum generation in the fabri-
cated fibers for different wavelengths, in order to analyze in which bandwidth
this effect appears. We compared our results for different fabricated fibers.

There are some theories and calculations of flattened HNL PCF, especially
with different air-hole diameters on each layer around the core, but nobody
has already fabricated these fibers, and we tried to do so as part of this
work.

We also planned to analyze the different micro-structured fibers (Large Mode
Area (LMA) and HNL) to know their polarimetric behavior.



It is important to analyze their optical parameters as much as it is possible,
just to know more about our fabricated (home-made) fibers.

As specific results, we expected to obtain the following;:

Optimized LMA PCFs with regular structure and low attenuation.

HNL PCFs with regular structure and with one wavelength of zero
dispersion (for the 800 nm and 1040 nm wavelength range).

An HNL PCF for near flattened supercontinuum generation (this one
may have an irregular structure; it means with different air-hole di-
ameters on each layer).

At least 3 scientific publications in international optical journals, with
an impact factor sum of at least 4.

At least 3 participations in national and international conferences.
One international pre-doctoral practice stay.

One national pre-doctoral stay in the industry.
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CHAPTER 1

OVERVIEW OF OPTICAL FIBERS

1.1 Introduction

This chapter contains an overview of Optical Fibers, at first the physical
phenomenon of total internal reflection to explain a conventional all-solid
step index fibers, losses (or attenuation) in the fibers and then an overview
of Photonic Crystal Fibers, including the classification of them. Also we
will present an overview of group velocity dispersion. Then it is shown that
group velocity dispersion can be widely engineered in photonic crystal fibers
due to a strong contribution from waveguide dispersion. Other important
properties of photonic crystal fibers such as loss, numerical aperture, geo-
metrical parameters, band gap guidance and birefringence are then briefly
explained.

1.2 The phenomenon of total internal reflection

The phenomenon that maintain the light into the core of the optical fibers is
known as total internal reflection and happens in the interface between the
core and the cladding. It means that the light is transmitted by multiple
reflections along the fiber. The condition of this effect exists only when the
rays impinge at an angle less than the critical angle. The value of critical
angle is possible to obtain from the Snell law:

n1sinl; = nysinbs (1.1)

In the figure 1.1 three rays are shown with different angles of incidence. We
can see: a) the refraction of light, b) the critical angle, and c) the total
internal reflection [3],[12].
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Figure 1.1: a) refracted ray, b) critical angle, and ¢) total internal reflection

1.3 Conventional step-index fiber

The optical fiber is one of the great inventions of the XX century, and have
a lot of application as in telecommunication as in other fields of optics. The
optical fiber, having an outer diameter mostly of about 125 pum, like a hair
thread, has the capacity to transmit a lot of information in very long dis-
tances and with very high speed [1]. A conventional silica fiber is an optical
waveguide consisting of a core with higher refractive index, surrounded by a
cladding glass with lower refractive index. Due to the refractive index differ-
ence, guidance of certain wavelength of electromagnetic radiation (normally
visible light or near infrared region for telecommunication) in the core can
occur by total internal reflection. Figure 1.2 shows a typically index profile
for a step index fiber. Exist other index profiles, where the refractive index
changes slowly from the core to the cladding, this kind of profiles is called
graded index, and also exist another index profiles in dependence of the ap-
plications [13]. The guidance of light through total internal reflection was
first demonstrated in the XIX century, in a stream of water [14]. Later, this
experiment was applied in glasses [15]. In the middle of the XX century, the
concept of adding a cladding with lower index to the outside of a glass fiber
was introduced [16].
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Cladding.

Figure 1.2: a) Step-index cross section, b) Step-index transversal section to show guidance by
total internal reflection, and c) refractive index profile across the fiber diameter

1.4 Modes

When Maxwells equation are used to perform a full analysis of how light
propagates in optical fiber, a discrete set of transverse electric field profiles
which propagate without (confinement) loss are found [17]; these solutions
are called bound modes (and will henceforth be referred to as modes). Modes
have a transverse field profile that does not vary in magnitude with prop-
agation, only the phase of the field varies in a manner determined by the
propagation constant of the mode.

v=a+1if (1.2)

Where ~ is the propagation constant, o as a real part is the attenuation
constant, and § as a imaginary part is the phase constant.

Waveguides that only support the fundamental mode are referred to as single
mode, meanwhile waveguides that support additional higher order modes are
referred to as multimode. In a conventional step index fiber higher order
modes begin to be supported when the normalized frequency V is greater

than 2.405, where:
2
V= TW Teore \/ 20 — Mg (1.3)

Where 7.4 is the radius of the fiber core, n., is the refractive index in the
core and njqq is the refractive index in the cladding. An example of single



1.5. Photonic Crystal Fibers 5

mode and multimode fibers is shown in the figure 1.3a and 1.3b respec-
tively. These pictures are taken in the output of a single- and multimode
fibers, lighted with a Helium Neon laser with a wavelength of 632.8 nm. In
other words. These fibers are a single- and a multimode fiber for the such
wavelength.1.3

Figure 1.3: a) output image from a single-mode fiber, b) output image from a multimode fiber.

The two dimensional waveguide such is a step index fiber can support po-
larized light in two transversal directions. If the refractive index contrast
between the core and the cladding is small, two dimensional field profiles can
be thought to comprise two orthogonal linearly polarized modes [18]. There-
fore, the single-mode fiber has not really a single-mode, but it supports two
separate orthogonally polarized modes. In real fibers, some imperfections
exist, which arise during fabrication, that is why two orthogonally polarized
modes have different modal properties. This variation of modal properties
with polarization is referred to as birefringence.

1.5 Photonic Crystal Fibers

Photonic crystals are periodic structures on the scale of a wavelength of light.
Photonic crystals can be incorporated into the cladding of an optical fiber,
producing photonic crystal fibers (PCFs). These fibers were introduced in
the 1990s [19]. Photonic crystal fibers have some unique properties which set
PCFs apart from conventional optical fibers. Usually PCFs are fabricated
from pure silica, with an array of air holes in the cladding which run the
entire length of the fiber. Alternatively, doped silica rods can be used instead



6 Chapter 1. QOwverview of Optical Fibers

of air, or the air holes can be filled after fabrication with some liquid or gas.

Generally, PCFs can be split into two main groups: index guiding PCF
and band gap guiding PCF. Index guiding PCFs have a solid core, which
has an air-hole array around, this core is a missing hole in the center of
the structure. Examples of these structures are shown in figure 1.4(a) and
1.4(b). Guidance in the solid-core PCF occurs in a similar way to total
internal reflection in conventional fibers. The effective refractive index of
the air hole lattice in the cladding is lower than the refractive index of the
core material, and so guidance occurs by modified total internal reflection
(MTIR). The second important group of the PCF cladding is the photonic
band gap fiber, so called because the guidance in this case is due to the band
gap effect. This effect allows light to be guided in a low-index core, such as
a hollow air core, as can be seen in the figure 1.4(c).

The dimension of the photonic crystal cladding are described using the hole
to hole spacing, or pitch (A), and the hole diameter (d). By changing the
pitch and hole sizes, the dispersion and nonlinearity can be changed. The
number of rings of air holes in the cladding around the core is also a very
important parameter, impacting on confinement loss.

PCF can also be fabricated with multiple cores[20] to provide a high packing
density of cores for endoscopy applications, or to provide cores with different
properties suitable for pulse delivery and collection[21]. Air-silica PCFs are
useful for sensing, because gases and liquids are able to penetrate into the
air holes either from the fiber end or by drilling holes at regular intervals
into the cladding along the length of the fiber [22]. Hollow core PCF can be
filled with gases[23] and liquids[24] in order to increase their nonlinearity,
and they can be also used to confine and guide particles [25, 26].

1.6 Classification of Photonic Crystal fibers

This section gives an overview of five PCFs:
Endlessly single-mode fiber
Large mode area photonic crystal fiber
High nonlinearity

Hollow core
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20hm

Figure 1.4: a)Large Mode Area PCF, b) High Nonlinearity PCF c) Hollow Core PCF (this picture
is taken from reference [9]).

Kagome fiber

1.6.1 Endlessly single-mode fiber

This kind of fiber is designed to guide only one mode (the fundamental
mode) independently of the wavelength. The structure of the fiber has a
filling fraction d/A < 0.4 [27]. The single-mode nature of the ESM fiber is
due to the dispersive nature of the cladding. As the wavelength decreases,
light in the silica regions of the cladding decays quickly in the air regions
and the effective index of the cladding tends to that of silica. This creates
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a low refractive index contrast between the core and cladding keeping the
fiber single-mode, however also making it susceptible to bend loss [28].

1.6.2 Large mode area photonic crystal fiber

Being a single mode fiber in a very wide range of wavelengths, a large mode
area PCF has a big core area. This kind of fibers is useful for generating
and propagating high optical powers [29]. Normally the ratio d/A for this
fibers is lower than 0.4.

1.6.3 Highly nonlinear

This fiber consists of a silica core surrounded by a web of thin silica strands
and are frequently used to observe nonlinear effects. The high index con-
trast created between the silica core and the air cladding strongly confine
light to a core that can be less than 1 pm in diameter (commonly between
1lpm and 5 pm), the guided mode of which experiences a large nonlinearity.
Furthermore, by tailoring the pitch and air filling fraction of the cladding,
significant control over dispersion of the fiber is possible allowing a high
figure of merit for nonlinear interactions to be obtained [30].

1.6.4 Hollow core fiber

Hollow core fibers use micro-structured cladding region with air holes to
guide light in a hollow core. The photonic bandgap guiding mechanism is
fundamentally different from the traditional total internal reflection guiding
principle. In this kind of fibers the 99 % of the light can propagate in air
[31]. This kind of fibers is highly multimode.

1.6.5 Kagome fiber

Kagome fibers are also highly multimode, allowing the guidance of light in
an air core with a typical loss of 1 dB/m. The cladding is larger than that
of HC PCFs, with a typical pitch of 12 um and does not support a bandgap
[32].

The low loss of the core guided modes is due to the small overlap integral
between the core and cladding modes. Cladding modes are highly confined
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in the silica strand and exhibit a fast transverse phase oscillation. Core
modes are confined to the air exhibiting a slow transverse phase oscillation
[33].

1.7 Losses in fibers

In some systems the loss is defined as a relationship between the energy
that is given to the system to the energy in the output of the system. In the
case of optical fibers it is the same, but here exist different kinds of reasons
causing the losses, that is described in detail.

1.7.1 Absorption losses

The losses in conventional or step index fibers, made of pure silica, for wave-
length range from 0.8 pm up to 1.8 pm are very low, and theoretically, the
electromagnetic radiation in this range of wavelengths can travel hundreds of
kilometers without suffering a remarkable loss. Until 70s of the last century
the absorption losses were considerable high, due to the material impurity,
which could contain water or some metals together with the silica. G.A.
Thomas et al. [34], demonstrated that optical fibers can be manufactured
with a very low absorption loss, and consequently the losses of this fibers are
very low. This kind of fibers can have an absorption loss about 0.18 dB/Km,
in the wavelength of 1.55 um, enabling the information transmission without
amplification for hundreds of kilometers.

1.7.2 Bending losses

The origin of the losses by bending is explained below: In the fiber without
bending, incidence rays with the greatest angle can be reflected by the effect
of total internal reflection and reach the end of the fiber, while in the same
fiber with bending, these rays leave the fiber just in the curvature, making
the fiber have higher losses in dependence of the curvature angle [35].
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1.7.3 Other factors

There exist other factors that happen in optical fibers and insert them losses:
- Losses for Rayleigh scattering, that increases as the wavelength approaches
that of the size of density fluctuation frozen in the glass during the manu-
facturing process. Loss from Rayleigh scattering scales as:

C
O'Rayleigh = T4R (14)

Where CF, is the Rayleigh constant and A is the wavelength of transmission.

Rayleigh scattering typically takes a value between 0.7-0.9 dB/(km.um), in
silica fibers. - Silica has vibrational resonances in the infra red and losses
increase rapidly beyond 1.6 pum. - Across the transmission window loss is
affected by impurities present in the glass, the most significant being absorp-
tion from the OH group. The groups fundamental vibrational resonance is
centered at 2.73 pm, it however has harmonics at 1.38 pm, 0.95 ym and
0.72 pm as well as a peak at 1.23 um. Typically the number of OH ions in
high grade optical silica is less than one part per hundred million. This is
achieved by displacing them during the manufacturing process with a more
reactive ion such as C1 which has resonances in the UV.

1.7.4 Attenuation (or full losses)
As the amount of light loss in a length L of a fiber takes the form of a fraction
of the input light, decibels are used to specify the attenuation constant agp.

a4 = —_mlo Pout
dB = 7 ng

(1.5)

A typical value for commercially available fiber can be as low as 0.2 dB/km
at 1550 nm. This value varies by several orders of magnitude across the
guided wavelength range.

1.8 Dispersion

In telecommunication systems, the information is transmitted by binary
data, which consists in optical pulses. In Optical waveguides, the dispersion



1.9. Sellmeier Equation 11

is one of the most important characteristics for a right data transmission.
There are 4 principal causes of dispersion:

1.8.1 Intermodal dispersion

This kind of dispersion only exists in multimode fibers, and is the difference
of the propagation of the different modes. The dispersion value is function
of the wavelength.

1.8.2 Material dispersion

The material dispersion is the most important, because it depends only on
the material. Spectrally, the light consists of a range of frequencies, which
are located around the frequency modulation of the source, and based on
the material each spectral component that will propagate at different veloc-
ities, in other words, for concrete material each wavelength has a different
refraction index.

1.8.3 Waveguide dispersion

Even for the materials without dispersion, the solution for the propaga-
tion equations depends on the wavelength: The propagation constant of the
mode depends on the wavelength. This leads to a pulse propagation and a
deformation of the same for the same reasons.

1.8.4 Polarization dispersion
That is in fact the same phenomenon that happens in the intermodal dis-

persion, but the modes here are originally degenerated. It is possible to see
that the single-mode fiber has 2 degenerated modes [36].

1.9 Sellmeier Equation

The refractive index of a material is linked to the resonances of bound elec-
trons in the medium as such frequency dependent. Far from these resonances
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the refractive index of bulk silica is well approximated by the following Sell-
meier equation [37], where \; represents the wavelength of a resonance and
aj its strength.

The most common material using for fiber fabrication in this thesis is the
silica or quartz, which has the following coefficient for Sellmeier equation:
A1=0.0684043, A\y=0.1162414, \3=9.896161, and a;=0.6961663, a2=0.4079426,
a3=0.8974794.

1.10 Calculating photonic crystal fiber dispersion

It is possible to calculate the dispersion in PCFs. Optical fibers do not have
the same dispersion as the core material they are made, because there is
a contribution to their dispersion which depends on the geometry of the
waveguide. Step index fibers have relatively small core-cladding index con-
trast (only about 1 %), and the mode is not tightly confined to the core.

Therefore the waveguide contribution to dispersion is weak, and the disper-
sion profile is close to the bulk material dispersion. It is possible to shift the
zero dispersion wavelength (ZDW) by changing the core size or the doping
level [38].

It is important to remark that in PCF the scope for dispersion changing is
far greater. The core cladding contrast can be much higher in PCFs than in
step index fibers. For example, the ZDW can be shifted to visible wavelength
[39]. This special dispersion profile is of vital importance for creating low-
noise supercontinuum sources, and also for the ultra-flattened dispersion in
PCFs [40].

The waveguide dispersion of the PCFs can be controlled by adjusting the
pitch A and/or the hole diameter d of the cladding. PCF with extremely
high air filling fractions can be approximated as a strand of silica surrounded
by air. Same samples of dispersion curves possible in PCF for different
cladding dimensions are plotted in figure 1.5. These were calculated using
the empirical formula in [10]. For a constant A, increasing d/A produces a
more anomalous dispersion profile. For a constant value of d/A, increasing
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Figure 1.5: Dispersion calculated using empirical formula [10] for photonic crystal fiber with
different values of A, and ratio d/A to show how the change of cladding parameter affects the
dispersion on the fiber.

A makes the dispersion more anomalous, and also shifts the zero dispersion,
or the minimum dispersion, to longer wavelengths.

1.11 Overview of the Fabrication process

PCFs can be fabricated using a variety of different materials, and methods.
The most common method for the PCF fabrication is the stack and draw
method [41], which includes stacking capillaries and rods, which are then
drawn down to create a preform [42]. This method is used to fabricate the
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PCFs described in Chapters 3 and 4.

Figure 1.6: a) Draw capillaries and rods to about 1 mm, b)Build stack, c¢) draw the preform to
obtain a cane of about 2-3 mm, d) insertion of the cane into a jacket tube to obtain the designed
PCF.

Most fiber fabrication techniques, which include the stack and draw method,
use a fiber drawing tower. Figure 1.6 shows a schematic representation
of a fiber drawing system. The main idea of this system is to fabricate
the fiber without contact between the preform and the furnace; this is in
order to not contaminate the fiber due to the contact with other materials.
The furnace heats the preform to a temperature of about 2000 °C. The
preform is then fed into the furnace at a relatively low speed (in mm/min)
and then the glass, emerging from the bottom of the furnace, is pulled at
a higher speed (normally in m/min). The generalized procedure for the
stack and draw method is shown in the figure 1.7. Firstly it is necessary to
draw the capillaries and the rods to build the preform (this capillaries and
rods are designed previously to obtain them with the required dimensions).
The starting materials are pure silica rods and tubes which are produced
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Figure 1.7: Schematic illustration of fiber drawing process with the different parts of the drawing
tower.

commercially, and are typically 1Im or 1.5 m long and about 20 mm in
diameter (The maximum diameter that can be used is 25 mm, due to the
small diameter of the existing in CIO furnace). The final capillaries drawn
from these tubes have lengths of about 1 m and the outer diameter of about
0.8-1.5 mm. Then, it is necessary to stack the capillary manually in a
hexagonal arrangement. A solid core fibers have a solid rod at the center of
the capillary array to act as a core, while in a hollow core fiber it is necessary
to remove the central capillary to obtain a hollow core PCF.

The stack is then inserted into another fused silica tube, which have an
inner diameter of about 16-20 mm, and then it is necessary to draw this
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Figure 1.8: a) design of 6 rings PCF, b) Preform ready to be drawn, capillaries and rods arrange-
ment, ¢) cane, d) PCF with outside diameter of 123,5 pym.

preform to obtain the cane of about 2-3 mm in outside diameter (or in case
of LMA PCEF it is possible to obtain the fiber in this first drawing process).
After this drawing process it is necessary to put the cane into a so called
jacket tube, a tube with inner diameter of about 2-3 mm and outer diameter
approximately of 10-12 mm. Then it is necessary to make the last drawing
process of this preform to obtain the required fiber. PCF stacks are generally
drawn to fiber in two stages. In the first step the cane is drawn (it is shown
in the figure 1.8(c)), in the second step a cane is inserted inside jacked tube,
to create a preform that is then drawn to a fiber, shown in the figure 1.8(d),
it is also necessary to introduce a pressure into the structure to control the
capillary diameters in the PCF.
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Fabricated fibers after this process are shown in figure 1.8(d). As the fiber
emerges from the furnace, it passes through a container (the coating dye),
where the liquid polymer remains, and after that the fiber goes through the
UV curing system, that is a group of ultraviolet lamp in a special refrigerated
structure. The fiber external cladding has two important functions: the first,
to delete cladding modes and the second, to make a mechanical protection
of an optical fiber glass surface. Typically several kilometers of fiber can be
fabricated during one fiber draw.

PCF can also be fabricated by extrusion. Molten glass is forced through a
die which molds it to the correct structure [43]. This can be used to create
structures not possible using stack and draw method, and is useful, when
using materials such as doped silica, polymer, or chalcogenide glasses, which
are not commonly available in tube form.



CHAPTER 2

EMPIRICAL METHOD FOR
DESIGN OF PHOTONIC CRYSTAL
FIBERS

2.1 Introduction

Photonic crystal fibers (PCFs) [44] have been under intensive study as they
offer design flexibility in controlling the modal properties. Photonic crystal
fibers have some extraordinary properties, such as wide single-mode wave-
length range, unusual chromatic dispersion, and high or low nonlinearity.
Theoretical descriptions have based normally on numerical approaches, such
as the plane wave expansion method [45], the multipole method [46], the
finite element method (FEM) [47, 48] and another methods. However, nu-
merical simulations are, in general, time-consuming and costly. Recently,
an analytical approach based on the V parameter (normalized frequency),
frequently used in the design of conventional fiber, has been developed for
PCFs [49]. Although the V parameter offers a simple way to design a PCF,
a limiting factor is that a numerical method is still required to obtain the
accurate effective cladding index. The empirical relations of V and W pa-
rameters only depend on wavelengths and the structural parameters, that
is why they will very useful for the simple design of the PCFs. The ge-
ometrical parameters required for the V and W parameters of the PCFs
are: the air hole diameter (d) and the hole to hole distance or pitch (A).
This method demonstrates enough accuracy in comparison with full-vector
FEM. Through the empirical relations we can easily evaluate the fundamen-
tal properties of PCFs without the need of numerical computations.
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2.2 Some parameters for this method

For the V parameter it is important to consider that we have a triangular
lattice of air holes into a silica glass that has a refractive index of 1.44 at
wavelength of 1.55 pm. The triangular PCFs can be well determined in
terms of the V parameter that is given by:

2
Vz%aeﬁ\/ngo—n%SM: VU2 + W2, (2.1)
27
U = Y Aeft \/ N2y — ngﬁ, (2.2)
2
W = ~ Aoff \/ngﬂ — n%SM, (2.3)

where ) is the operating wavelength, n., is the core index, ngsy is the
cladding index, defined as the effective index of the so-called fundamental
space-filling mode in the triangular air hole lattice [28], neg is the effective
index of the fundamental guided mode, and acg is the effective core radius
that here is assumed to be A/v/3 [47, 49]. The parameters U and W are
called, respectively, the normalized transverse phase and attenuation con-
stants. Mortensen et al. proposed the following effective Vog parameter [§]
for triangular PCFs:

2
V=AY neg — Nsm (2.4)

and reported the empirical relation for Veg of Eq. 2.4[50]. However, this def-
inition is intrinsically different from the original V parameter definition in
step-index fiber (SIF) theory and corresponds to the W parameter. There-
fore it seems to be difficult to apply the design principle of SIFs straight-
forwardly to PCFs. So we adopt the V parameter definition of Eq. 2.1 .
Although we can estimate the fundamental properties of PCFs using the
V parameter in Eq. 2.1[49] | a limiting factor for using Eq. 2.1 is that a
numerical method is required for obtaining the accurate effective cladding
index npsy. Figure 2.1 shows V values calculated through vector FEM [50]
as a function of A/A for d/A ranging from 0.2 to 0.8 in steps of 0.05. By trial
and error, we find that each data set in Fig. 2.2 can be fitted to a function
of the form
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Figure 2.1: Effective V parameter as a function of A/A.
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and the results are indicated by the curves. For accurate fitting, the data
sets are truncated at V = 0.85. In Eq. (5) the fitting parameters 4; (i =
1 to 4) depend on d/A only. The data are well described by the following
expression 2.6

d\ bi d bi2 d bi3
A; = a0+ an <A> + a;2 (A) + a3 (A) , (2.6)

the coefficients a;g to a;3 and b;; to b;3 are given in Table 2.1. For \/A < 2
and V' > 0.85 the expression 2.5 gives values of V which deviates less than
1.3% from the corrected values obtained from Eq. 2.1.

Using the effective V parameter in Eq. 2.5, the effective cladding index
nrsyM can be obtained without the need for numerical computations. Figure
2.2 shows npgm as a function of A\/A for d/A ranging from 0.1 to 0.8 in
steps of 0.1, where the curves show the results from Eqs. 2.1 and 2.5 with
aef = A/ v/3 . Mortensen et al.[51] proposed the empirical expression for the
value of npgy nFSM to directly fit the effective cladding index, however,
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1=1 1=2 1=3 1=4
a;o  0.54808 0.71041 0.16904 -1.52736
a;1  5.00401 9.73491 1.85765  1.06745
a;p -10.43248  47.41496  18.96849 1.93229
a;3  8.22992  -437.50962 -42.4318 3.89

bi1 ) 1.8 1.7 -0.84
bi2 7 7.32 10 1.02
bis 9 22.8 14 13.4

Table 2.1: Coefficients to find the V parameter.

the results are not so accurate. On the other hand, the expression of Eq.
2.5 gives values of npgy which deviates less than 0.25% from the values
obtained through vector FEM for A\/A < 1.5 and V' > 0.85.

In Ref. [49] and in Eq. 2.5 the cutoff condition is given by V=2.405, as in
conventional SIFs. Using the empirical relation 2.5 and various formulas in
terms of the V parameter found for SIFs, we can easily estimate the funda-
mental properties of PCFs, such as mode field diameter, beam divergence,
splice loss, and so on [49)].
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Figure 2.2: Effective cladding index as a function of A/A
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2.3 The W parameter expression

In the previous section we provided the empirical relation for the V parame-
ter of PCFs. Using Eq. 2.5 we can easily obtain the effective cladding index
ngsm, however, we usually need heavy numerical computations to obtain
the accurate values of neg in Eq.2.3. It would be more convenient to have
an empirical relation for the W parameter of PCFs. Nielsen et al. have
reported the empirical relation for the W parameter [50], however, we can
not obtain the value of neff from the W parameter only. In order to obtain
nefr, we need the empirical relations for both the V and W parameters.

Figure 2.3 shows W values calculated through vector FEM [48] as a function
of A/A for d/A ranging from 0.1 to 0.8 in steps of 0.1. Again, by trial and
error, we find that each data set in Fig. 2.3 can be fitted to the same function
in Eq. 2.5 as

Weff
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Figure 2.3: Effective W parameter as a function of A/A
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and the results are indicated by the curves 2.3. For accurate fitting, the
data sets are truncated at W = 0.1. In Eq. 2.7 the fitting parameters B; (i
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= 1 to 4) depend on d/A only. The data are well described by the following
expression

d\ i1 d\ %2 d\ %3
B; = cio +ca (A) + ciz (A) + cis (A) (2.8)

and the coefficients ¢; and d; ¢;0 to ¢;3 and d;1 to d;3 are given in Table 2.2:

t=1 1=2 1=3 1=4
cio -0.0973 0.53193 0.24876  5.29801
ci1 -16.70566  6.70858 2.72423  0.05142
cip  67.13845  52.04855  13.28649 -5.1830
¢z -90.25518 -540.66947 -36.80372  2.7641

din 7 1.49 3.85 -2
dio 9 6.58 10 0.41
di3 10 24.8 15 6

Table 2.2: Coefficients to find the W parameter.
neff
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Figure 2.4: Effective index of the fundamental mode neff as a function of d/A
For A\/A <2and W > 0.1 the expression 2.7 gives values of W which deviates

less than 0.015 from the corrected values obtained from Eq. 2.3. Using the
V parameter from 2.5 and the W parameter from 2.7, the effective index of
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the fundamental mode n.g can be obtained without the need for numerical
computations. Figure 2.4 shows neg as a function of \/A for d/A ranging
from 0.2 to 0.8 in steps of 0.1, where the curves show the results in Egs.
2.1, 2.3 , 2.5 and 2.7 with aeg = A/V3. For A/A <1.5 and W >0.1 the
expressions of Kqs. 2.5 and 2.7 give values of neg which deviates less than
0.15% from the values obtained through vector FEM.
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Figure 2.5: Chromatic dispersion as a function of wavelength for (a) A = 2.0 um, (b) A = 2.5 pym,
and (c) A = 3.0 pm. Curves, results of empirical relations; dashed curves, results of vector FEM.

Next, using the empirical relations of Egs. 2.5 and 2.7 we calculate the chro-
matic dispersion in PCFs. In order to use universal data for the effective
index of the fundamental mode neff, we assume that the waveguide contri-
bution to the dispersion parameter D is independent of material dispersion
Dy, 2.9 [49]

Yo
c d)\2

+ Dy, (2.9)

where c is the light velocity in a vacuum and D,, is given by the Sellmeier
relation. Figure 2.5 shows the dispersion parameter D as a function of wave-
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length for d/A ranging from 0.2 to 0.8 in steps of 0.1, where the background
index of silica is assumed to be 1.45, namely, n¢, = 1.45.

The results based on the empirical relations of Eqs. 2.5 and 2.7 agree well
with the numerical results obtained by FEM . It is worth noting that, in Ref.
[49], the chromatic dispersion of PCFs was calculated by using the Gloge
formula [18] and V values, while, here, the expressions of Eqs. 2.5 and 2.7
are used for direct calculation of the chromatic dispersion. When we design
a fiber, one of the most important parameters is to obtain a Single Mode
Fiber (SMF), normally when the ratio d/A is less than 0.4, we have a single
mode fiber. The ratio A\/A and d/A we can see in the figure 2.6
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Figure 2.6: Relative cutoff wavelength A/A as a function of relative hole diameter d/A. (Taken
from reference [11])

2.4 Conclusion

In order to design a PCF, we used the empirical relations for both V parame-
ter and W parameter of PCFs, wich only dependent on the air hole diameter
and the hole pitch. We demonstrated the accuracy of these expressions with
comparing the proposed empirical relations with the results of full-vector
FEM. Through the empirical relations the fundamental properties of PCFs
could be easily estimated without the need for numerical computations.



CHAPTER 3

FABRICATION AND
OPTIMIZATION OF SPECIAL
LARGE MODE AREA PHOTONIC
CRYSTAL FIBERS [5]

3.1 Introduction

Large Mode Area Photonic Crystal Fibers (LMA PCFs) have specific waveg-
uide properties due to the large area in their core. At the same time, it is
very important that this kind of fibers maintain their operation in the fun-
damental mode. The development of LMA PCFs is important for a wide
range of practical applications, in which high optical power is required. For
applications where high optical power is transmitted, it is generally impor-
tant to have this transmission without the influence of nonlinear effects that
can appear in small core PCFs [29].

The core diameter in this kind of fibers can be defined as D=2A- d, which
corresponds to the distance between opposite holes around the core. When
the ratio d/A <0.4, the LMA PCF is endlessly single mode, meaning that
the fiber transmits only one mode for any wavelength [52, 53]. LMA PCFs
are often used for high power applications, because the nonlinear properties
are drastically reduced.

Particularly, LMA PCFs are currently used in applications for high power
delivery, such as laser machining and welding, as well as in high power lasers
and amplifiers, providing significant advantages over traditional optical fiber
[54]. The conventional fibers used in lasers and amplifiers are basically
step index fibers whose cores are doped with rare elements (like Erbium or
Ytterbium). These fibers are usually pumped only with single-mode laser,
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and due to the limitation in their power, they are not suitable for high power
applications.

This kind of fiber is very interesting, not only because it has a large mode
field diameter (approximately 20 micrometers at a wavelength of 1550 nm),
but also because it is a single mode fiber for any wavelength in which the sil-
ica material is transparent. There are many reports[55, 56| in the literature
on the fabrication of such PCFs, and some of them have also low losses [57].
Matsui et al. [55] have proposed, for example, a LMA PCF; they reached a
mode field diameter of more than 100 ym? in a double cladding structure.
This fiber is also characterized with two distinct pitches (A), and air holes.

Although losses in this fiber are low, such fiber in double cladding [55] is a
very complicated to fabricate. Reeves et al [40] have also investigated an
LMA PCF with an effective area of 44 ym?, but fabrication of their fibers
has also proved to be very complicated.

3.2 First group of fabricated Large Mode Area
Photonic Crystal Fibers

In 2013, we fabricated the first samples of LMA PCF. In the fabrication
process we manufactured 4 different fibers from the same preform. The first
one, which was called N1, was manufactured at a draw velocity of 15 m/min,
the second fiber (N2) at a draw velocity of 16 m/min, the third fiber (N3)
at a draw velocity of 17 m/min, and finally, the fourth fiber (N4) at a draw
velocity of 18 m/min. In figure 3.1 we can see a transversal cut image of
fiber N2, obtained using of an optical video microscope with a 40x objective.
For this first group of LMA PCFs we made the following measurements:

o geometrical dimensions using an atomic force microscopy (AFM) (with
the help of Dr. Sergio Calixto Carrera),

o numerical aperture (NA) and Gaussian mode field diameter (MFD),
o attenuation (or losses) in the fibers.

In table 3.1 we can see the geometrical parameters of the 4 fibers as diameters
of the air-holes (d), pitch (A) or distance between the centers of the holes,
external diameter of the fiber D..;, diameter of the core Dgyre, and ratio
d/A.
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Figure 3.1: Transversal cut image of LMA PCF.

The losses measured for these four fibers are presented in figure 3.2. It is
important to point out that the losses of fibers N1 and N2 are very high.
It is seen in the figure that fibers N3 and N4 have lower losses, with fiber
N4 showing losses of approximately 15-25 dB/km in a wavelength range
between 1500 and 1700 nm.

Based on the results obtained, shown in table 3.2, it is possible to calculate
the dispersion dependencies for the four fibers; these curves are shown in
figure 3.3.

We can see in figure 3.1 that the holes are irregular in the structure; the
outermost layer has small holes, which normally happens due to the fact
that heating effects the external layer more. Also, it is possible to see that
the first layer around the core has deformed holes, while the second and
third layers have more or less regular holes. This kind of deformation and
irregularity possibly affects the results of attenuation (loss) and dispersion
values, but at the same time, as it was shown in [57], this kind of deformed
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fiber d A D ext. D core d/A
(pm)  (pm)  (pm)  (pm)

N1 3.516 10.664 122.2  21.79 0.33

N2 3.5156 10.313 123.2 20.391 0.34

N3  4.1403 10.312 1228 20.156 0.40

N4  4.4533 10.428 120.2 19.453 0.43

Table 3.1: Geometrical parameters of the fabricated LMA PCFs.

fibers has found application for optical sensing [58].

3.3 Optimization of Large Mode Area Photonic
Crystal Fibers

After finishing the previous work, it was decided to fabricate LMA PCFs
with more regular structure, regardless of the technical problems still present
in the drawing tower. After a lot of attempts and efforts, we managed to
fabricate a group of LMA PCFs with regular structure. Unlike the fiber
made in the first group, which has 4 layers around the core without the
edges of the hexagon, this design contains three complete layers around the
core. The design of the preform is presented in figure 3.4a.

The fabricated capillaries were stacked like in the preform of the first group
(see figure 3.4b); then, just to finish the preform fabrication before the draw-
ing process, it was necessary to put these stacked capillaries into another
tube of 16x20 mm of diameter (inner and outer diameters respectively).

During the drawing of this preform, we fabricated 5 different fibers. We used
different pressures into the holes for each fiber in order to obtain different
hole diameters d and pitch A. For the first fiber, N5, the pressure was 14
mBar, and the drawing speed was about 25-26 m/min; the second fiber, N6,
was fabricated with a pressure of 15 mBar, and the drawing speed was 26-27
m/min; the third fiber, N7, was fabricated with a pressure of 16 mBar and
a drawing speed of 27-28 m/min; the fourth fiber, N7, was fabricated with
a pressure of 18 mBar, and the drawing speed was 28-29 m/min; finally, the
last fiber of this group, N9, was fabricated with a pressure of 22 mBar and
a drawing speed of 29-30 m/min. In the table 3.2, it is possible to see the
parameters of the 5 fabricated fibers.
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Figure 3.2: Losses for the four fabricated LMA PCFs

The transversal cut images obtained using an optical video microscope for
the 5 fabricated fibers are shown in figure 3.5. In this figure, it is possible
to see that increasing pressure increases the size of hole diameters, but the
most important thing is that, in comparison with the fibers fabricated in
the first group, the regularity of the hole diameters and the pitch is quite
constant everywhere; independently of the pressure applied to the preform,
the holes are regular everywhere. The difference between fibers N5, N6 and
N7 is difficult to appreciate visually, but the difference between fibers N7,
N8 and N9 is visible, because the hole pressure difference in this case is
higher. All these pictures were obtained using a National DC-163 optical
microscope, and they were taken with a 40x objective.

To get more precise geometrical parameters of the fibers, we made the mea-
surements using an Atomic Force Microscope (AFM), and we obtained dif-
ferent values of diameter (d), pitch (A), core diameter, external diameter
of the fiber and ratio d/A for each fiber. The average of those values is
presented in table 3.3.

In table 3.3 it is possible to see how the diameters of the capillaries grow as
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Figure 3.3: Dispersion for the four fabricated LMA PCFs

Fiber = T  preform feed average drawing pressure
(°C)  (mm/min)  speed (m/min) (mBar)

N5 1900 1.2 25.5 14
N6 1900 1.2 26.5 15
N7 1900 1.2 27.5 16
N8 1900 1.2 28.5 18
N9 1900 1.2 29.5 22

Table 3.2: Drawing parameters for the 5 fabricated fibers.

pressure rises; pitch also increases, but not as much as the diameters. The
external diameter of these fibers is practically the same, and it is less than
125 pm; normally, these values shift between 122.5 and 124 um. We chose
to fabricate fibers with an outside diameter of a little less than 125 pm, just
because if a fiber has an outside diameter slightly bigger than 125 pm, it is
impossible to place the fiber into the connectors when optical measurements
are made.

For attenuation (or loss) measurements we use the cutback method. The
instrument used for our measurements was an Anritsu AQ-6315A Optical
Spectrum Analyzer (OSA), along with a white light source.

The results of loss measurements of the 5 fabricated fibers are presented in
the graphic of the figure 3.6. It is clear from the figure that the fiber N9 has
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Figure 3.4: a) Design of the proposed LMA PCF, b) hexagonal arrangement of capillaries, c)
capillaries and rods ready to be inserted into a tube to form a preform, d) signal obtained at the
output of the single-mode fiber obtained with a He-Ne laser.

the lowest attenuation; the attenuation of this fiber is about 9-10 dB/km
in the range of wavelengths between 1600 and 1650 nm. The fiber with the
second lowest attenuation is fiber N6, with an attenuation of 10-15 dB/km
at wavelengths between 1550-1750 nm. The next fiber on the list is fiber
N5, with an attenuation of 15-18 dB/km in the same range of wavelengths
as the previous fiber, and it has lower attenuation than N7 in the range
of wavelengths from 1000 to 1300 nm.Fiber N7 has an attenuation of 26-30
dB/km in the wavelength range from 1550-1750 nm. Attenuation in fiber N8
is the highest, and is about 40-45 dB/km at 1550-1750 nm (this is the most
important range of wavelength for telecommunications). The water peaks
for all these fibers were very high, and it means that the preform absorbed
a lot of OH groups from our laboratory atmosphere.
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Figure 3.5: Large mode area PCFs, fabricated for different pressures: a)14 mBar, b)15 mBar, c)
16 mBar, d)18 mBar, €)22 mBar

On the basis of the geometrical parameters presented in table 3.3, it is
possible to calculate dispersion curves for the five fibers, these curves are
shown in figure 3.7. In this figure, it is possible to see that the five curves
have the point of zero dispersion very closely, which means that for those
values of pitch, hole diameter does not have a large influence on the Zero
Dispersion Wavelength (ZDW). The value of ZDW for fiber N5 is 1.24602
nm, for N6 is 1.24459, for N7 is 1.24299, for N8 is 1.24092 and for N9 is
1.23928.
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Fiber Presure Diameter Pitch dcore d/A d ext.

(mBar)  d(pm) A (pm) (pm) (pm)
N5 14 1683 12.63 2480 0.37 1225
N6 15 5.03 12.60 24.70 0.40 1232
N7 16 6.67 1333 26.06 050 123.0
N8 18 7.39 1340 2610 055 122.9
N9 22 8.85 13.95 27.02 0.63 1238

Table 3.3: Geometrical values of the fabricated LMA PCFs.
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Figure 3.6: Graphic of losses for 5 fabricated LMA PCFs.

3.4 Conclusion

The quality and the geometrical characteristics of the fabricated fibers for
the last group (N5, N6, N7, N8 and N9) are very similar to those of the NKT
Photonics LMA PCF (LMA-20) [59]. In the above mentioned figures, we
can see that the structure of the holes is very uniform, and also, we obtained
very low attenuation in some of these fibers.
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CHAPTER 4

DESIGN AND FABRICATION OF
Hica NONLINEARITY
PaooTtonNic CRYSTAL FIBERS

4.1 Introduction

This kind of PCF (HNL PCF) was designed to obtain high nonlinearity,
namely, for the supercontinuum generation, and it must have a small core
area, which means a small core diameter, and therefore, a small air-hole
structure around this core. The sizes of the pitch (A) and the hole diameter
(d) must also be very small, at least in 4 and 6 times less than in LMA
PCFs. This kind of fibers is much more difficult to fabricate, because of
such small air-hole diameters, which can be of about 1 yum or less. That is
why the cost of this kind of fibers in a world market is very high, of about
1300 USD per meter.

This chapter is organized as follows. First we made the dispersion sim-
ulations with a special software based on an empirical method, and the
optimization HNL dispersion curves were made to obtain the flattened HNL
PCFs, which means they have a dispersion near to zero in a wide range
of wavelengths. After the simulation, we analyzed the already fabricated
fibers that exist commercially just to compare the parameters we obtained
with parameters of fabricated fibers from the company NKT photonics. The
third part reports on the design and fabrication of 3-ring and 6-ring HNL
PCFs.
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4.2 Simulation for regular air-hole structure

As we said before, our theoretical simulation is based on an empirical method
that is presented in reference [10]. This method was designed to obtain the
HNL PCF dispersion curves from only two parameters of a regular air-hole
structure around the core of the PCF: the pitch (A), or distance between
the centers of the holes, and the diameter (d) of the capillaries, or the
diameter of the holes, which has the same value along all the structure (It
is called a regular structure). In the simulation, we tried to obtain the
minimum possible dispersion values within a large range of wavelengths. It
means the modeling was made to obtain an optimized value of pitch (A) and
diameter (d), even without analyzing whether the construction of this fiber
is technologically possible to fabricate or not.

10,
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Figure 4.1: 5 curves of optimized flattened dispersion for HNL PCFs

In chapter I (Figure 1.5), it is possible to see that the best relationship for the
HNL PCF is for the ratio d/A=0.3 and for A=2. Within these parameters,
the fiber has a little negative dispersion; for A=2.5, the fiber has a little
positive dispersion. In Figure 4.1, it is possible to see 5 curves of optimized
flattened dispersion.

Theoretically, we also found a second range of wavelengths, which includes
a little part of visible range; in this second range of optimization, we have a
flattened region between 0.65 and 0.85 um, and in figure 4.2, it is possible
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Figure 4.2: 3 curves of flattened dispersion between 0.65 and 0.9 pm.

to see three curves of flattened dispersion within this range of wavelengths.

The values from figures 4.1 and 4.2 are also shown in table 4.1.

From figure 4.1 and 4.2, and also from table 4.1, we can conclude the fol-

lowing:

e The range of wavelengths for the first group is between 1.1-2.2 pm.

e The pitch for the first group is around 2.2-2.3 um, and for the second
group is around 0.62-0.63 pm; in this case, it is easier to fabricate
fibers from the first group.

Groups Ratio Pitch A Range of Values of

d/A pum A (um)  Dispersion (ps/nm/km)

0.252  2.367 1.35-1.80 +0.5

First group  0.256  2.350  1.30-1.85 +1

0.266  2.315  1.20-2.00 +2

1.1-1.2 pym 0.280 2.260 1.15-2.15 +4

0.290  2.230 1.05-2.25 +6

Second group 0.834  0.633  0.64-0.87 +5

0.835  0.628  0.65-0.85 +3

0.7-09 pm  0.836  0.622  0.67-0.81 +1

Table 4.1: Results of optimization for two wavelength ranges of flattened dispersion.
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Technologically, it is easier to fabricate fibers from the first group, since the
second group of fibers has very small holes that are not possible to fabricate
with the equipment that we have.

4.3 Some theories and simulations for the opti-
mization of flattened dispersion in photonic
crystal fibers

In recent years, some simulations and designs of HNL PCFs with flattened
dispersion have been proposed and reported to obtain the minimum possible
dispersion in the maximum range of wavelengths. In these proposals, some
authors designed an irregular structure of holes, which have different air-
hole diameters in the different layers, but with the same pitch (A) in all
the structure. As we can see in section 4.2, the design of the flattened
dispersion PCF is limited when we have regular hole diameters. Then,
when we try to minimize the values of dispersion, the range of wavelengths
becomes increasingly narrow.

Figure 4.3: Design of HNL PCF with ultra-flattened dispersion and with 5 different air-hole
diameters.

Based on the design with different diameter of the holes in each ring, it is
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possible to obtain, in a wide range of wavelength, dispersion that varies only
in the range of £1 ps/(km nm), or less than this value. Practically in all
the design cases, the first ring around the core (the innermost ring) has the
smallest hole diameter of the structure; then, in each next air-hole ring, the
hole diameter increases, and the biggest air-hole diameter is in the last ring
(the outermost ring). In figure 4.3, it is possible to see a 5-ring PCF as an
example of the above explanation.

In their article, K. Saitoh and M. Koshiba [57] proposed an HNL PCF
structure with flattened dispersion in the range of £ 0.4 ps/(km nm) from
1250 to 1700 nm with the following parameters: A=1.58 pm, d1/A=0.31,
d2/A=0.45, d3/A=0.55, d4/A=0.63 and d5/A=0.95.

F. Poli, A. Cucinotta, et al [60] reported an HNL PCF design in which they
only changed the air-hole diameters in three first air-hole rings as follows:
A= 0.9 pm, d1/A=0.42, d2/A=0.86, d3/A=0.93. The relative air-hole di-
ameters d4/A and d5/A have the same value, 0.9. For this calculation they
obtained a dispersion in the range of +0.5 ps/(nm km) from 1425 to 1600
nm.

In reference [61], they reported a design in which the fiber has only four
air-hole rings with the following parameters: A= 1.618 pm, d1/A=0.31,
d2/A=0.43, d3/A and d4/A have the same value of 0.54, obtaining a dis-
persion of £0.5 ps/(km nm) for wavelengths from 1210 nm to 1780 nm.

Saitoh Poli Barrientos El- Hammed Hammed

Mosalmy  (PSO) (CFO)

A(pm) 1.58 0.90 1.62 1.782 1.833 1.738
d1/A 0.31 0.42 0.31 0.290 0.303 0.311
d2/A 0.45 0.86 0.43 0.365 0.338 0.372
d3/A 0.55 0.93 0.54 0.409 0.465 0.524
d4/A 0.63 0.90 0.54 0.569 0.436 0.423
d5/A 0.95 0.90 - 0.569 0.719 0.689
dispersion +0.4 £0.5 +0.5 +0.27 +0.5 +0.35

(ps/ (km nm))

Range of A 1250 1425 1210 1300 1250 1250
(nm) 1600 1600 1780 1670 1600 1600

Table 4.2: Data for comparison of geometrical parameters for irregular cladding from some pub-
lished works.

Dalia D. El-Mosalmy, M.F.O. Hameed et al. reported in [62] about their
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modeling results on a base of neural network based on an optimization
approach, in which they got the following parameters: A= 1.7825 um,
d1/A=0.29, d2/A=0.3646, d3/A=0.4095, d4/A=0.5698 and d5/A=0.5698,
obtaining a dispersion of £0.27 ps/(km nm) for wavelengths from 1300 nm
to 1670.

Finally, in one of the latest works published on flattened dispersion opti-
mization, Mohamed Farhat o. Hammeed, et al. [63] used two optimization
methods, the particle swarm optimization (PSO) and the Central force op-
timization (CFO). In table 4.2, it is possible to see the proposed geometrical
parameters of above mentioned authors.

It is possible to see in table 4.2 that the value of pitch must have an average
of about 1.70 um, d1/A of about 0.30, d2/A of about 0.39, d3/A of about
0.49, d4/A of about 0.73 and d5/A of about 0.73.

In practice, nobody has yet fabricated this kind of fibers with different air-
hole diameters in the structure, due to the fact that for these cases, it is
necessary to put different values of pressure into each air-hole ring, but this
problem has not been solved yet.

4.4 NKT Photonics Commercial Photonic Crystal
fibers

NKT Photonics is the leading supplier of high performance fiber lasers and
photonic crystal fibers. Their products include a wide range of specialty
fibers. NKT Photonics has its headquarters in Denmark, with sales and ser-
vice worldwide. They fabricate Large mode Area PCF, High Nonlinearity
PCF, Hollow core PCF and others. Optimized for supercontinuum genera-
tion and nonlinear wavelength conversion, their nonlinear photonic crystal
fibers offer a combination of tailored dispersion profile and a very high non-
linear coefficient. As an example of these fibers, we particularly want to
analyze a NKT photonics HNL PCF, the SC.05.1040 [64], which has a core
diameter of about 5 pym, and has the wavelength of zero dispersion at 1040
nm. The fiber is used for supercontinuum generation. In figure 4.4, it is pos-
sible to see a photograph of a transversal cut of the HNL PCF SC.05.1040
obtained with a National DC-163 optical microscope using an optical objec-
tive of x40. It is seen that the fiber has a perfect regular structure with 5
complete air-hole layers around the core.
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Figure 4.4: Transversal view of NKT Photonics HNL PCF SC.05.1040

NKT Photonics fabricate NHL PCF for different ZDW, for specific lasers,
for example. Fiber SC.05.1040 is fabricated to be used with Nd3+ microchip
lasers, to obtain a compact ultra-bright supercontinuum source. It works
in combination with a laser that delivers pulses of 1 ns, with few tens of
milliwatts of average power at a wavelength of 1064 nm.

We made the measurement of pitch A, the core diameter deo.. and the
air-hole diameter d of the SC.05.1040 fiber using a scanning atomic force
microscope, and we obtained that d=1.4648 ym, A=3.17 pm, and d.y..=4.87

pm.

Then, we calculated the dispersion curve using these parameters of pitch and
diameter. The curve crosses the axis of zero dispersion at the wavelength
of 1037.43 nm, which is very near the zero dispersion nominal value for this
fiber, 1040 nm 4+10nm. This fact shows us that the empirical method that
we used is totally reliable.

Also, we can see from reference [64] that the nominal diameter of the core
of this fiber is 4.8 pm +2 pum, and from our measurements, we obtained
4.87 pm, which implies we made right the measurements of the geometrical
parameters of the fiber.
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Another example of NKT Photonics HNL PCF is NL-1050-NEG-1 [65],
which has negative dispersion with a value of -10 ps/(nm km) within a
range of 1000-1100 nm of wavelength. Unfortunately, in their tables, they

do not present any information about the geometrical parameters of this
HNL PCF.

4.5 PCF fabrication

The process of HNL PCF fabrication is very long, with a lot of possible
failures. In this part, we would like to talk about the fabrication of fibers
with only good optical properties. The fibers have both regular and irregular
air-hole structures. First, we designed a 3 ring HNL PCF, on the basis of
results obtained in [66]. The results show that sometimes it is not necessary
to fabricate the PCFs with a lot of air-hole rings. So, in the first step, we
fabricated HNL PCFs with 3 air-hole rings in the cladding. In the second
part, we decided to fabricate a more complex cladding structure, with 6
rings of air-holes around the core.

4.5.1 3 ring PCF

Figure 4.5: a) Stack design of 3 ring preform, b) optical microscope image of 3 ring cane cross
section.

The first set of fabricated PCFs had 3 air-hole rings surrounding a central
core. The stack design is shown in figure 4.5(a). The stack was drawn into
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Figure 4.6: Optical microscope images of 4 fiber cross section: a)NL1, b)NL2, ¢)NL3 and d)NL4.

approximately 10 canes with an outer diameter of 1.8-1.85 mm. An optical
microscope image of a cane cross section is shown in figure 4.5(b).

For practical reasons, we gave the name of NL + number for each fiber just
to identify them more easily.

To draw fiber, a cane was inserted into a jacketing tube with 1.89 mm inner
diameter (ID) and 12 mm outer diameter (OD). During the draw, a pressure
is applied to the holes; for the two first fibers, pressure was held constant
at 100 mBar. The draw rate was set to yield a fiber OD 123.5 pym, and the
temperature was 1950 °C. The optical microscope images of these two fibers
cross section are shown in figure 4.6 (a) and (d). Other two fibers were
drawn from another preform to obtain a result between the two previous
fibers. The pressure was 100 mBar. The draw rate was also set to give a
fiber OD 123.5 um with a constant temperature of 1950 °C. The optical
microscope images of these two fibers cross section are shown in figure 4.6
(b) and (c).

These 4 first fibers were fabricated with a constant pressure, and basically
we changed only the velocity of drawing. It is clear from the results that
when the velocity of drawing is higher, the obtained structure is smaller, the
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Figure 4.7: Graphic of dispersion for the first group of 4 fabricated fibers, for feed rate changes

air-hole diameter is smaller, and the pitch also is smaller, and therefore, the
relative hole diameter d/A ratio is smaller; only the core diameter is bigger.
All the geometrical parameters for this first group of fibers are shown in
table 4.3.

Fiber Velocity of P T diameter A d core Ratio
No. drawing (m/min) (mBar) °C (pm) (pm)  (pm)  d/A
NL1 25 100 1950 3.628 4.219  2.42 0.86
NL2 32 100 1950 1.735 2.501  2.52 0.69
NL3 36 100 1950 1.134 2.025 2.83 0.56
NL4 40 100 1950  0.766 ~ 1.805 3.09  0.43

Table 4.3: Fabrication parameters and obtained geometrical parameters of first group of HNL
PCFs.

Using the geometrical parameters presented in table 4.3, we calculated the
dispersion curves for these four fibers. The curves are shown in figure 4.7;
it is possible to see here that only two curves cross the axis in 3 points
(NL3 and NL4), which means that they have 3 points of zero dispersion at
different wavelengths, while the other 2 fibers (NL1 and NL2) only have one
point of zero dispersion, which is near 0.9 pm.
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Figure 4.8: Attenuation distributions for the first group of 3 ring fabricated fibers.

In figure 4.8, we show the attenuation distributions for the first group of
fibers, which include attenuation curves for 4 fabricated fibers with different
drawing velocities. It is clear from the graphic that the best one from the
point of view of attenuation (losses) is fiber NL2, which has losses of about
20-25 dB/km in the range of wavelengths between 1500 an 1650 nm. It is
difficult to decide which fiber is the next better one, because NL3 has lower
attenuation in the range of wavelengths between 700 and 1300 nm (about
70-80 dB/km) than NL1 (about 130-140 dB/km in the same range).

Meanwhile, for the range of wavelengths between 1500 and 1650 nm the
NL1 fiber has lower attenuation (losses) than the NL3 fiber (which rapidly
increases at the higher wavelength). The worst fiber from the point of view
of attenuation, is the N1.4 fiber. This fiber transmits light only between 450
nm and 650 nm (in the visible wavelength range), with a lower attenuation
at about 500 nm (the attenuation at this point is 200 dB/km).

Then, we decided to fabricate another group of fibers, but in this process,
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we did not change the drawing velocity, keeping it constant at 40 m/min.
In the process, pressure into the holes was varied: for fiber NL5, pressure
was 108 mBar, for NL6 it was 110 mBar, and for NL7 it was 115 mBar.

20 20pm
20um, 20pm,

P=108 mBar P=110 mBar
F L
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Figure 4.9: Optical microscope cross section images of three fibers: a) NL5 (P=108 mBar), b)
NL6 (P=110 mBar), ¢) NL7 (P=115 mBar).

Temperature was constant for all the fibers, and was 1950 °C, and the draw
rate was also set to yield a fiber OD of 123.5 ym. The optical microscope
cross section images of these three fibers are shown in figure 4.9(a), 4.9(b)
and 4.9(c). These three fibers were fabricated with constant drawing velocity
and constant temperature; basically, we only changed the applied pressure
to the preform from 108 to 115 mBar. It is clear from the figure 4.9 that
when more pressure is applied to the preform, the obtained pitch and the
air-hole diameters are bigger; therefore, d/A ratio is bigger. All geometrical
parameters for this second group of fibers are shown in table 4.4.

Fiber Velocity of P T diameter A d core Ratio
No. drawing (m/min) (mBar) °C (pm) (pm)  (pm)  d/A
NL5 40 108 1950 1.911 2.419 2.628 0.79
NL6 40 110 1950 2.466 2.864 3.050 0.86
NL7 40 115 1950 2.738 3.227  3.844 0.84

Table 4.4: Fabrication parameters and geometrical parameters obtained for the second group of
fibers.
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On the basis of the geometrical parameters obtained for the second group
of the fibers, we calculated dispersion curves for these 3 fibers. The curves
for this second group of fibers are shown in figure 4.10, and in this figure it
is possible to see that all the lines cross the zero dispersion axis only once,
and their wavelengths of zero dispersion are between 0.8 and 1 pm.
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Figure 4.10: Dispersion curves for the second group of fabricated fibers, while pressure changes

We also made the attenuation measurement for the three fibers of the second
group. This attenuation graphics are shown in figure 4.11. From the point
of view of attenuation, the best fiber is NL5, with a particular difference
in the range of visible wavelength, but now, we will analyze the region of
low attenuation, 1500-1650 nm. For this range of wavelength, the NL5
fiber has an attenuation of about 15-30 dB/km, while the NL7 fiber has an
attenuation of about 25-40 dB/km, and the NL6 fiber of about 35-50 dB/km.
We can conclude from the figure that the worst fiber in the wavelength range
between 600-1350 is the NL6, with an attenuation of 200-400 dB/km.

For the third and the last group of 3 ring fibers, we fabricated only two
fibers, and in this case, we only changed the temperature; drawing velocity
was constant at 41 m/min, and pressure also was constant at 115 mBar for
both fibers. Temperature was 1950 °C for the NL8 fiber, and 1955 °C for
the NL9 fiber. They were fabricated from the same preform on the same
day. The draw rate was set to give the fiber an OD of 123.5 um for all fibers.
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Figure 4.11: Attenuation graphics for the second group of fabricated 3 ring fibers
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Figure 4.12: Optical microscope cross section images of two fibers: a) T=1950 °C, b)1955 °C.

The optical microscope cross sections of these two fibers are shown in figure

4.12 (a) and (b).

For these two fabricated fibers, we can conclude that when we have a lower
temperature, we can obtain a smaller structure (lower values of air-hole
diameters and pitch), which is visually clear in figure 4.12. The geometrical

parameters of these fi

bers are also presented in table 4.5. The air-hole

structure in general is smaller at lower temperature, but the ratio is bigger.
On the basis of the geometrical parameters obtained and presented in table
4.5, we calculated dispersion curves for the two fibers. They are shown in
figure 4.13. We can see here that the zero dispersion wavelength (ZDW) is
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Figure 4.13: Dispersion curves for 2 fabricated fibers (from the third group) with temperature
changes.

lower than in the previous groups, about 0.63 um for fiber NL8 (for 1950
°C), and 0.8 pum for fiber NL9 (for 1955 °C).

Fiber Velocity of P T  diameter A d core Ratio
No. drawing(m/min) (mBar) °C (pm) (pm)  (pm) d/A
N8 41 115 1950 3.67 4.00 2.66 091
N9 41 115 1955 4.00 4.57 2.62 0.87

Table 4.5: Fabrication parameters and obtained geometrical parameters of the third group of
fibers.

In figure 4.14 the attenuation graphics for the third group of 3 ring fibers
are shown; they include data for 2 fibers fabricated only at different tem-
peratures. It is clear from the graphic that the best one is the NL9 fiber,
fabricated at 1955 °C, although fiber NLS, fabricated at 1950 °C; is better
in a little wavelength range between 1580 and 1700 nm, and in a little wave-
length range around 1350 nm. The average losses for this group are about
400-500 dB/km; the losses are very high in comparison with the ones of the
fibers from the two previous groups.

To compare all the fabricated 3 ring fibers, we prepared table 4.6, where
data for the 9 fabricated fibers are presented. Data about the most impor-
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Figure 4.14: Graphic of attenuation for the third group of 3 ring fabricated fibers

tant parameter, the wavelength of zero dispersion for each fiber, are also
presented in the table.

4.5.2 6 ring PCF

To reduce the fiber confinement losses [67], a second stack was created with
6 rings of air holes surrounding the core. The design and fabrication of these
fibers was carried out by the thesis advisor and the author. The stack design
is shown in figure 4.15 (a). The preform, formed by tubes, is shown in figure
4.15 (b) and (c). The stack was drawn to produce around 10 canes of 3 mm
in diameter. An optical microscope transversal image of the cane used to
draw fibers can be seen in figure 4.15 (d).

From these canes, about 17 different fibers with different parameters of
pressure, temperature, and draw velocity were fabricated. In this chapter,
we will analyze only 3 of these fibers, the 3 best ones, with regular structure
and relatively small air-hole diameters. The transversal cut images of these
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Fiber Vel. draw. P T d A d core Ratio Ao
No. (m/min) (mBar) °C (gm) (pm) (pm) d/A (nm)
NL1 25 100 1950 3.62 4.219 2.42 0.86 933
NL2 32 100 1950 1.73 2,501  2.52 0.69 904
NL3 36 100 1950 1.13 2.025 2.83 0.56 885
NL4 40 100 1950 0.76 1.805  3.09 0.43 917
NL5 40 108 1950 191 2419 2.628 0.79 864
NL6 40 110 1950 246 2.864 3.050 0.86 821
NL7 40 115 1950 2.73  3.227 3.844 0.84 922
NL8 41 115 1950 3.67  4.00 2.66 0.91 627
NL9 41 115 1955 4.00  4.57 2.62 0.87 790

Table 4.6: Fabrication parameters and obtained geometrical parameters for all fabricated 3 ring
fibers, including the wavelength of zero dispersion.

three fibers are shown in figure 4.16. The first fiber (NL10) in figure 4.16(a)
was fabricated at a drawing velocity of 35 m/min, while the second fiber
(NL11) shown in the figure 4.16(b) was fabricated at a drawing velocity
of 45 m/min (these two fibers were fabricated in the same process from
the same preform); the third fiber (NL12), shown in figure 4.16(c), was
fabricated at a drawing velocity of 40 m/min. For all this three fibers the
drawing parameters were set to give the required fiber outer diameter of
approximately 123.5 pm. The pressure inside the holes was set at 115 mBar.
All the three fibers were fabricated at temperature of 1950 °C.

To have more precision in the measurement of the geometrical fiber param-
eters, we decided to use an Atom Force Microscope (AFM) for the measure-
ments. In figure 4.17(a), it is possible to see a transversal cut image obtained
for the air-hole structure region of fiber NL12. In figure 4.17(b), we can see
the section of the structure near the core of the same fiber. If we compare
the pictures obtained with the optical microscope and with the AFM for the
same fiber, it is clear that with the AFM we obtain the parameters of the
fibers more precisely.

Fiber Vel. draw. P T d A d core Ratio Ao
No. (m/min) (mBar) °C (gm) (pm) (pm) d/A (nm)
NL10 35 - 1950 1.96 3.137 3.86 0.62 990
NL11 45 - 1950 1.68 2934  3.93 0.57 985
NL12 40 - 1950 2.01 3.183 4.15 0.63 992

Table 4.7: Obtained geometrical parameters for 6 ring fibers.
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Figure 4.15: 6-ring fiber a) Stack design, b) and c) Array of tubes, forming the preform, d) Optical
microscope image of a cane cross section.

From the measurements made with the AFM, we prepared table 4.7, in which
we can see the parameters of fiber fabrication, such as drawing velocity,
temperature and pressure; the geometrical parameters obtained, such as
air-hole diameter, pitch, d/A ratio and core diameter are also presented.
Additionally, we present zero dispersions for the three fibers (ZDW).

On the basis of the results shown in table 4.7, we calculated the dispersion
curves for these three fibers, which are shown in figure 4.18; in it, we can
see that for the NL10 fiber and the NLI12 fiber, the curves are practically
the same, and that the NL11 fiber has lower dispersion in the wavelength
range between 2.0 and 3.5 um. The three curves cross the zero dispersion
axis very close to each other, which means that they have very similar zero
dispersion wavelength.
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Figure 4.16: a) first fiber (NL10) fabricated with a drawing velocity of 35 m/min, b) second fiber
(NL11) fabricated with a drawing velocity of 45 m/min and c) third fiber (NL12) fabricated with
a drawing velocity of 40 m/min.

The graphic of loss distributions for this group of three fibers with 6 rings
around the core are shown in figure 4.19. We can conclude from the point of
view of loss distribution that the best fiber is the NL12 fiber, with losses of
about 40-50 dB/km in the wavelength range of 750-1300 nm; the next one
is the NL11 fiber, with losses of 300 dB/km in the same wavelength range;
finally, the worst one is the NL10 fiber, which has losses of about 500-800
dB/km in the range from 600 nm to 1300 nm.

4.5.3 Conclusion

We can conclude from this chapter that it is possible to fabricate good fibers
of 3 and 6 air-hole rings in the cladding, with more or less low losses, and
that the fabricated fibers can be for different wavelengths.

From the point of view of flattened dispersion, the best fabricated fiber is
the NL4 fiber; the fiber dispersion curve crosses the zero dispersion line at
three points, whitin the range of wavelengths between 0.9 pm and 3 pm,
and the fiber has a dispersion value of about +50 ps/nm/km. However,
this fiber has very high attenuation in practically all the analyzed spectrum;
in fact, this fiber has small diameters and small d/A ratio, which is why
its transmission properties are bad. Then, the next best fiber from the
point of view of flattened dispersion is the NL3 fiber; the fiber dispersion
curve crosses the zero dispersion line axis at three points, and has acceptable
losses in the analyzed range of wavelengths. In our dispersion simulation, we
used a software for regular air-hole structures in the PCF cladding, which
means the software is valid for structures with the same air-hole diameters.
We really fabricated HNL PCFs with an irregular structure of air-holes in
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Figure 4.17: a) transversal cut image of the air-hole structure region for fiber NL12, b) section
of the structure near the core of fiber NL12. Both pictures were taken using the Atomic Force
Microscope.

the cladding (air-holes with different diameters). In chapter 6, devoted to

supercontinuum generation in our fibers, we will discuss this case in details.
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Figure 4.19: Attenuation distributions for the three 6 ring fibers



CHAPTER 5

POLARIMETRIC PARAMETERS
ASSOCIATED TO SPECIAL
MICROSTRUCTURED FIBERS|0]

5.1 Introduction

It is well known from conventional fiber theory that deviations from a fibers
ideal structure (some imperfections or asymmetries) cause the two polar-
ization states of the fundamental mode to experience different waveguiding
properties; this is known as birefringence [17]. For some applications, it is
necessary to enhance the difference, thus creating the high-birefringent or
polarization-maintaining fibers [68]. For other applications, in particular
for high-speed, long-distance optical communication systems, even low bire-
fringence may greatly decrease upper limits for transmission speed of the
system.

Index guiding microstructured fibers (IG MFs), also known as holey or pho-
tonic crystal fibers, guide light by means of total internal reflection between
a solid core and cladding with multiple periodic air channels (holes) oriented
along the fiber axis [19, 44, 69]. Actually, this kind of fibers has found large
applications in laser physics [70], nonlinear optics [71], optical communica-
tion systems and optical fiber sensors [72, 73]. For these applications of
microstructured fibers, as for conventional fibers, it is important to predict
and understand the polarization properties of IG MFs, which may result
from non-uniformities and asymmetries of microstructured cladding.

Unfortunately, the action of IG MFs fabrication conditions on the polariza-
tion properties of the fibers has not been discussed completely. The optical
response to polarized light is usually represented by the Jones matrix for-
malism if there are no depolarization processes involved, but if there exists
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the possibility to deal with depolarization effects, the Mueller-Stokes for-
mulism must be employed to describe it correctly [74, 75, 76, 77]. In this
sense, the determination of the Mueller matrix becomes the main objective
as the first step for any polarimetric characterization, because it provides
any possible information related with the optical response to polarized light
at a given incident wavelength [75].

In this work, the Mueller matrices associated to six different home-made
IG MFs are determined experimentally, at 1550 nm. Some polarimetric pa-
rameters are calculated directly from the Mueller matrices, which show that
the fiber fabrication parameters have a clear effect on the output degree
of polarization, providing an inverse relationship between the degree of po-
larization output and the relative hole diameter, d/A value. The obtained
results show that the investigated optical fibers can be used in any applica-
tion where high values for the degree of polarization are required, at totally
polarized incident illumination.

It is well known that the Mueller-Stokes formalism describes the linear re-
sponse of an optical medium (characterized by the Mueller matrix M) to the
polarization intensity (denoted by a Stokes vector S), according to [74]

0 .
So moo Mo1 Mo2 Mo3| S0
5,0 K

$0 = st |51 = mio M1 Miz M3 1| _ (5.1)
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mooSo” +mo1S1" + mo2Sa" + mo3Ss’
m10S0" +m1151" + miaSa’ 4+ m1355°
ma0So" + ma1S1" + magSa’ + ma3Ss
m30S0" + m3151" + ms2Se” + ms3Ss’

where S* and S° represent the polarization state of the incident and the out-
put light beams, respectively, defined in terms of the orthogonal components
of the electric field vector (E,, Es) and their phase differences.

The Mueller matrix contains all the information related with the optical
characteristics associated to any given optical system [74]. The normalized
polarized Stokes parameters can be expressed in terms of the azimuth (0 <
2¢p < m/2) and the ellipticity (—7/2 < 2¢ < 7/2) angles of the Poincare
sphere [74]
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1
cos(2¢e)cos(2v)
cos(2¢)sin(2v)

sin(2e)

S = SyDoP (5.3)

where Sy represents the average light intensity associated to the Stokes pa-
rameters, and DoP is the degree of polarization [74]

S1% + S5 + 32
\/1+2+3<1

0 < DoP =
=~ Do S =

(5.4)

Where value 0 is associated to totally un-polarized light, the upper limit
means the beam is totally polarized, and the remaining values are associated
to partially polarized light.

5.2 Fabrication of microstructured Fibers

We fabricated silica IG MFs with different cladding structures. In some
fibers, the diameter of the holes d had different values, but the same hole-
to-hole spacing (pitch A) everywhere, see fibers N1 and N5 in Figs. 5.1(a)
and 5.1(e); in other fibers, with the best uniformity of the cladding structure,
diameter of the holes d had almost the same value, and pitchA was equal
for the cladding structures, see fibers N2, N3, N4, N6 in Figs. 5.1(b), 5.1(c),
5.1(d), and 5.1(f), respectively.

In our fabrication process, we used the stack-and-draw technique [44]. First,
we fabricated identical capillary tubes and rods with previously calculated
sizes to make fibers with 3 rings of air-holes around the core [66]. Then,
the preforms were prepared; that is, we arranged the fabricated capillaries
in a hexagonal structure around a rod inside a 20x16 mm tube. The large-
mode-area fibers, N1-N4, were drawn from the prepared preforms in one
step process. Fiber N1 was drawn without any pressure inside capillaries,
Fibers N2, N3, and N4 were drawn from the same preform, but with different
pressures inside capillaries of 14, 15, and 16 mbar, respectively. Nonlinear
fibers N5 and N6 were drawn in two step process. In the first drawing
process, we fabricated canes with an outside diameter of 1.8 mm.

The canes were inserted into jacket tubes with an outside diameter of 12
mm and an inside diameter of 2 mm, and then, after the second drawing
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Figure 5.1: Images of the fabricated fiber cleaved end faces obtained with a Leica DM2500 micro-
scope: a) fiber N1, b) fiber N2, c) fiber N3, d) fiber N4, e) fiber N5, f) fiber NG6.

process, we obtained the designed fibers. Fiber N5 was manufactured with
a cane fabricated from the preform prepared with capillary tubes of the
same outside diameter, but with a different inside diameter, and they were
accidentally arranged in a hexagonal structure around a rod inside a 20x16
mm tube. The fiber was drawn at a constant pressure of 100 mbar inside
the cane.

Fiber N6 was made with a cane fabricated with identical capillary tubes
and with a pressure of 110 mbar inside the cane. The outside diameter of
the fabricated fibers is about 123 pm. During the drawing, the fibers were
coated with a conventional polymer coating, yielding an outer diameter of
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fiber hole Pitch A Outside fiber D core d/A
(um)  diameter(um)  (um)

N1 352 1031 122.2 2179 0.33
N2 468 12.63 122.5 24.801 0.37
N3 5.03 12.60 123.2 2470 0.40
N4 6.67 13.33 123.0 26.06 0.50
N5  1.13 2.03 123.2 2.83 0.56
N6  3.63 4.22 123.3 2.84 0.86

Table 5.1: Measured geometric parameters for 6 fabricated fibers.

250 pm. The images of the cleaved end faces for the six investigated fibers
were obtained with a Leica DM2500 optical video microscope (see Fig.5.1).
All the geometric parameters of the fibers were measured with a commercial
scanning atomic force microscope (Digital Instruments) with a resolution of
50 nm for 30 pm X 30 pm images. The measured geometric parameters for
the 6 fabricated fibers are presented in Table 5.1.

The modal structures of the investigated fibers were estimated using a fo-
cused beam from a standard red He-Ne laser centered at 632.8 nm. Specifi-
cally, the far-field measurements showed that fibers N1-N5 were single-mode
(or quasi single-mode) fibers [66] at 632.8 nm. Fiber N6 was a multimode
fiber for the wavelength of 632.8 nm.

5.3 Polarimetric characterization

The experimental determination of the Mueller matrices associated to the
special optical fibers we are reporting here was performed employing the
same experimental setup (Fig. 5.2) and a similar method of analysis recently
reported in [77].

A tunable laser, within a 1450-1590 nm range (Anritsu, Tunics Plus SC),
tuned at 1550 nm was used as the source of the Deterministic Polarization
Controller, DPC, (Thorlabs, model DPC5500). An arbitrary input polariza-
tion state enters the DPC, while at its output we obtain a signal with a fixed
and predetermined polarization state. The output signal from the DPC is
used as a polarization state generator, PSG, for the fiber being studied,
which is connected directly to the polarizer state analyzer, PSA, (Thorlabs,
model PAX5710/IR3). A computer controls the PSG and the PSA, and
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Figure 5.2: Experimental setup used for the determination of the Mueller matrices of the investi-
gated fibers.

a computer program provides the calculation of the Mueller matrix, using
the Stokes vectors measured. For each polarization state generated, the po-
larimeter analyzes the Stokes vector of the light beam leaving the system
under study. Then, six measurements provide the 16 Mueller parameters
required. The incident and the analyzed Stokes vectors correspond to linear
polarization states parallel (p), perpendicular (s), at +45 degrees (+) and
at -45 degrees (-), and to circular right- (r) and left-hand (1) polarization
states, respectively [77].

The experimental Mueller matrices, normalized with respect to the m00
element, are given by Egs. (3.1-3.6). By applying some of the relationships
given in Table 1 of Ref. [77], it is possible to analyze some polarimetric
properties associated to the 2 m long optical fibers (see Table 5.2).

1.0000 —0.0149 0.0901 0.0197
0.0138  0.9489  0.2449 0.0582
0.0494 0.0436  0.4545 0.8528
—0.1217 0.2581 —0.8201 0.4321

My =
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Mg = (5.10)

The theorem of Gil-Bernabeu (TGB) is a necessary and sufficient condition
for a Mueller matrix to be expressed in terms of a Jones matrix, for a passive
optical system. It can be formulated as [78§]

0<TGB = (72) <1, (5.11)

where the lower limit is associated to a totally depolarizing system, the upper
limit means the system does not depolarize at all, and the intermediate
values are associated to partial depolarization. The depolarization index,

DI(M), is defined as [79]

3
\/Zj,kzo mjg? — mop?

V3moo

It is a measure of the average capability of the system to depolarize the
incident light (0 means the system depolarizes totally, and 1 means the

0 < DI(M)

<1 (5.12)
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system does not depolarize, while the intermediate values are associated
to partial depolarization, independently of the incident polarization state).
Indeed, DI(M) could be interpreted as the output degree of polarization
(DoP) averaged over all the possible polarization states incident from the
Poincare sphere.

The Average degree of polarization (Avg. DoP) is defined by integrating the
degree of polarization DoP as the incident Stokes vector S varies over the
Poincare sphere, normalized with 1/(4) for the area of the sphere [80]:

27 (712 DoP[MS(0, $)]cos(¢)dddo

Avg.DoP = ke (5.13)
4m
Q(M) is a scalar metric, defined as [81]
0< @y = Ziztimo™s” _ SDIMOP —[DOM)P _
N > k=0 Mok L+ [D(M))*
3 U
Z]’,fn:O102 Jk + [P(M)]2
= <3 (5.15)

where the upper limit indicates the systems does not depolarize and also
does not diattenuate. Add is the anisotropic degree of depolarization [82],

(DOP)OMa:v — (DOP)O

< Add =
0< (DoP)Y, ;.. + (DoP)Y

min < | (5.16)

min

PDL is the polarization dependent loss [76]

T 2 2 2
PDL = 10log " = 10l0g 7100 Vmo® + mox” + mog”) (5.17)

min moo — v/ (mo12 + mo2? + mos?)

D(M), LD, and CD indicate the total-, linear and circulardiattenuation pa-
rameters, respectively [83]

o Vmo1? + mo2? + mos3?

0 < D(M) <1 (5.18)
moo
Vmop1? + mo2?
0<LD(M)=~~"L T < (5.19)

moo
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No. TGB DI(M) AvgDoP Q(M) Add PDL
N1 0.9629 0.9749 0.9737  2.8182 0.0811 1.8740
N2 0.9413 0.9601 0.9532  2.7542 0.1475 1.0863
N3 0.9197 0.9450 0.9438  2.6570 0.0605 1.5505
N4 0.9095 0.9377  0.9262 2.6279 0.2002 1.0574
N5  0.8740 0.9121 0.9070 24802 0.0795 1.3434
N6 0.8106 0.8645  0.8418 1.9095 0.1550 7.0400
No. D(M) LD CD  P(M) LP  CP
N1 0.0934 0.0913 0.0197 0.1320 0.0513 0.1217
N2 0.0543 0.0511 0.0183  0.0647 0.0446 0.0469
N3 0.0774 0.0769  0.0090  0.0555 0.0554 0.0034
N4 0.0528 0.0528  0.0004  0.0583 0.0515 0.0274
N5 0.0671 0.0602  0.0295 0.0450 0.0221 0.0392
N6 0.3381 0.2765  0.1946  0.3133 0.3002 0.0893
Table 5.2: Measured geometric parameters for 6 fabricated fibers.
A/ 2
0 < CD(M) = ;ﬁ‘gl (5.20)

P(M), LP, and CP indicate total-, linear- and circular-polarizance parame-
ters, respectively [83]

0 < P(M)

0< LP(M) =

. Vmio? + mao? + mso?

<1

0<CP(M) =

moo

Vmio? + mag?

moo

Vmso?

moo

<1

<1

(5.21)

(5.22)

(5.23)

The data shown in table 5.2 represent the average linear response of the
optical fibers to any linear, circular or elliptical incident polarization state,
even when only six different polarization states have been used for the in-
cidence.We have ordered the data according the optical fiber average de-
polarization capability, where the first four scalar metrics (theorem of Gil-
Bernabeu, TGB, depolarization index, DI(M), Avg. DoP, and Q(M) metric)
indicate that the optical fibers depolarize slightly, all of them following the
same tendency consistently.
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Figure 5.3: Correlation between the relative hole diameter d/A and the depolarization index
DI(M) for the investigated fibers.

The anisotropic degree of depolarization, Add, shows that all the optical
fibers can depolarize slightly; this result implies that the fiber depolarizes
light depending on the type of the transmitted polarization state employed.
Fiber N4 exhibits the lowest polarization dependent loss, PDL, while fiber
N6 presents the highest loss. Fiber N6 also presents a total diattenuation
value corresponding to an order of magnitude higher than those associated
to the remaining fibers of the set studied here. Fibers N1 and N6 have asso-
ciated polarizance parameter values with an order of magnitude higher than
fibers N2-N5, which imply they have a tendency to polarize light circularly
(N1) and linearly (N6), respectively.

Comparing the results shown in Table 5.1 and Table 5.2, a clear correlation of
the relative hole diameter, d/A, exists with the depolarization index, DI(M)
[or the degree of polarization (DoP)]: a lower ratio implies a higher DI(M)
(or DoP) output, and conversely, a higher ratio provides a lower DI(M) (or
DoP).
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Figure 5.4: Output degree of polarization versus the azimuthal (¢)) and the ellipticity (e¢) angles,
for fibers N1 (Fig. la), N2 (Fig. 1b), N3, (Fig. 1c), N4, (Fig. 1d), N5 (Fig. le), and N6 (Fig.
1f).The values in brackets are the azimuth and the ellipticity angles, respectively, expressed in
radians.

This correlation is shown also in Fig. 5.3. Probably the increase of an in-
flation pressure into the cladding holes leads to the increase of imperfection
numbers [84] along the IG MFs. Figure 5.4 shows the graphical represen-
tation of the output degree of polarization, as a function of the incident
polarization states for the six optical fibers. The basal plane, defined by
the azimuth and the ellipticity angles, is the mapped representation of the
Poincare sphere, for incident totally polarized states (for which DoP =1).

Note that the general DoP output behavior associated to fiber N5 (Fig.
5.4.e) differs notably from the rest of the fibers. Ellipticity values close to
zero mean that the fiber maintains higher DoP output values preferably for
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incident totally polarized linear states (located at the equator in the Poincaré
sphere), possibly due to cladding asymmetry (see Fig. 5.1e) and azimuthally
asymmetric axial stress distributions [85] in the fiber. On the other hand,
the remaining optical fibers show some similar DoP output behavior among
them. Note that some transmitted polarization states maintain the degree
of polarization, but others are affected by the fibers, generating slightly
low depolarization values. Even when the incident polarization state could
change under transmission, the average degree of polarization tends to be
maintained.

The scalar metrics show the general tendency of a given system towards
incident polarization. Based only on the information provided by the scalar
metrics, according to table 5.2, all of those values are associated to physically
realizable processes (they are located within their defined limits). However,
when the analysis is applied in more detail, it is possible to find un-physically
realizable points, as can be observed from Fig. 5.4, where there exist maxi-
mum values outside the physical limit for the output degree of polarization
(the corresponding incident Stokes vectors can be obtained from Eq. 5.3,
using the azimuth and the ellipticity angles). We think those values are
associated to unstable incident Stokes vectors (we have registered physical
realizable limits for the 6 basic polarization states measured experimentally).
The general behavior associated to the output degree of polarization of the
fibers studied here could be of great interest for some specific applications
where the coherence of light transmitted by optical fibers requires to be
maintained.

5.4 Conclusion

Six special home-made IG MFs with different relative hole diameter d/A
were fabricated and their polarimetric parameters were investigated. The
linear response to 1550 nm polarized light was determined experimentally
for the six fibers, and their Mueller matrices were explicitly reported. A po-
larimetric analysis showed that the fiber fabrication parameters had a clear
effect on the output degree of polarization, providing an inverse relationship

between the degree of polarization output and the relative hole diameter,
d/A value.

It seems that the increase of an inflation pressure into the cladding holes
leads to the increase of imperfection numbers along the IG MFs. Additional
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experiments are being conducted to understand this result more correctly.
Fibers with the physical characteristics reported here could be useful for
those who are searching for applications where the spatial coherence (de-
gree of polarization) under transmission through an optical fiber could be a
relevant factor.



CHAPTER 6

SUPERCONTINUUM (GENERATION
IN SPECIAL MICROSTRUCTURED
FIBERS WITH IRREGULAR AND
REGULAR CLADDINGS USING
PuMPING WAVELENGTHS IN A
BrROAD RANGE |[7]

6.1 Introduction

Index-guiding microstructured optical fibers (IG MOFs), also known as ho-
ley or photonic crystal fibers, consist of a solid core surrounded by a cladding
with multiple periodic air channels (holes) oriented along the fiber axis, and
they guide light by means of total internal reflection [19], [86]. Such optical
fibers have unique properties that are very important for applications in
laser physics, nonlinear optics, optical communication systems and optical
technology. The unique properties of IG-MOFs allow the possibility of con-
trolling their chromatic dispersion in a wide wavelength range by varying
a hole diameter d and a hole-to-hole spacing, pitch A. To date, IG MOFs
with zero dispersion wavelengths in the visible and near-infrared wavelengths
[87][39][88][89], with two zero dispersions [90],[91], with varying dispersion
[91][92][93], with flattened and near zero dispersion [94][60][95], and even
with ultra-flattened and near zero chromatic dispersion for wavelengths of
about 1.0 to 1.8 pm [96][40][57][97][98][61] have been reported. IG MOFs
with ultra-flattened dispersion can be used in wide-band supercontinuum
generation, dispersion compensation, ultra-short soliton pulse transmission,
optical parametric amplification, wavelength-division multiplexing or pulse
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reshaping [40][57][97][98][61][71]. However, the fabrication of a such type of
IG MOFs is a very complicated process. For IG MOFs with the same air-hole
diameter d [96]-[40], [98] it is necessary to fabricate at least 11 air-hole rings
in the cladding with a relative hole diameter d/A of about 0.26. At this very
small relative hole diameter, the confinement losses [67] in the IG MOFs,
even for a large number of air-hole rings in the cladding, are very high. For
example, the overal losses of the IG MOFs reported in [40] were of about 2
dB/m at 1500 nm. Other designs of IG MOFs consist of fibers with four or
five rings of air-holes with different air-hole diameters in the cladding [57],
[61]. Theoretical calculations show that such IG MOFs have low losses, and
ultra-flattened and near zero chromatic dispersion for wavelengths of about
1.0 to 1.8 um. However, the fabrication of such IG MOFs has not been
reported in the literature until now. As it was mentioned before, there are
some possibilities to obtain IG MOF with exotic dispersion properties, for
example, by changing the hole diameter d, the pitch A, or the arrangement
of air-holes. Thus, IG MOFs with regular or irregular cladding structures
can exhibit new or exotic properties.

In this work, we report in detail on the fabrication of a special nonlinear
silica IG MOF with different air-hole diameters in the cladding (irregular
cladding) and its applications for supercontinuum (SC) generation. Some
preliminary results about the properties of the fiber were reported in [7].
Our IG MOF has a constant pitch A and air-holes with different diameters.
For comparison, supercontinuum generation in a nonlinear silica IG MOF
with regular cladding is also investigated. It was found that SC in IG MOF
with irregular cladding can be generated in a broader wavelength pumping
range than in the IG-MOF with regular cladding.

6.2 Fabrication of nonlinear microstructured fibers

We fabricated two types of special nonlinear silica IG MOFs for SC genera-
tion. In the first type of the fiber, denoted here as IG-MOF with irregular
cladding, the diameter of the holes d had different values, but the same pitch
A everywhere. In the second type of MOF, denoted here as IG-MOF with
regular cladding, the cladding structure was uniform: the diameters of the
holes d had almost the same value, and the pitch A was equal for all the
cladding structure. In our fabrication process, we used the well-established
stack-and-draw technique [44]. First, we fabricated tubes and rods with
previously calculated sizes to make special MOFs with 3 rings of air-holes
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around the core to have a better higher-order mode suppression [66]. Then,
the preforms were prepared; that is, we arranged the fabricated tubes in
an hexagonal structure around a rod inside a 20x16 mm tube. In the first
drawing process, we fabricated canes of 1.8 mm in outside diameter. The
canes were inserted into jacket tubes with an outside diameter of 12 mm and
an inside diameter of 2 mm, and then, after the second drawing process, we
obtained our MOFs.

We fabricated the IG MOF with irregular cladding using a cane fabricated
from the preform prepared with tubes of the same outside diameter but a
different inside diameter, which were arranged arbitrarily in an hexagonal
structure around a rod inside a 20x16 mm tube.

Figure 6.1: Images of the fiber cleaved end faces obtained with a Leica microscope DM2500: a)
the MOF with irregular cladding, b) the MOF with regular cladding.

The MOF was drawn at a constant pressure of 100 mbar inside the cane.
The IG MOF with regular cladding was manufactured with a cane fabricated
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with identical tubes and with a pressure of 110 mbar inside the cane .

The outside diameter of the fabricated MOFs with either irregular or regular
cladding was about 123 pym. During the drawing process, both MOFs were
coated with a conventional polymer coating, giving an outer diameter of
250 um. The parameters obtained for the MOF with irregular cladding are
as follows: the average air-hole diameter is of 1.13 um (diameters of the
air-holes are different, and are from 0.82 pum to 1.25 pum), the average pitch
is of about 2.03 um, and the core diameter (i.e. the average diameter of the
solid core at the center of the fiber) is of 2.84 pm; all the air-hole structure
has about 10 um in diameter. After fabrication, the profiles of the fiber
modes were estimated using a focused beam from a standard red He-Ne
laser centered at 632.8 nm with output power of 1 mW.
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Figure 6.2: The spectral profiles of the GVD and confinement losses for two orthogonally polarized
fundamental modes (1) and (2) of the MOF with irregular cladding. Zero GVDs take place at
897 nm and 893 nm for the modes (1) and (2), respectively.

Specifically, the far-field measurements showed that the MOF with irregular
cladding was a single-mode fiber at such a wavelength. Our MOF with
irregular cladding also has high birefringence [7], [6] and can be used, for
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example, in some optical sensing devices or optical Kerr gates [37].

The IG MOF with a regular cladding structure had hole diameter with
almost the same value for all the cladding structure of the fiber. The average
diameter of the holes was 1.91 um, the average pitch value was about 2.42
pm, and the core diameter was 2.63 pm.

The outside diameter of the fiber was also 123 ym. Our MOF with regu-
lar cladding was a multimode fiber for the wavelength of 632.8 nm. It is
important to mention here that all the geometric parameters of our MOFs
were measured with a commercial Dimension 3100 scanning atomic force
microscope (Digital Instruments) with a resolution of 10 nm for 5 pm x 5
pm images. The images of the cleaved end faces for the two investigated
MOFs, obtained with an optical microscope Leica DM2500, are shown in
Fig. 6.1.
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Figure 6.3: The spectral profiles of the GVD and confinement losses for the first higher-order
mode of the MOF with irregular cladding. Zero GVD takes place at wavelength of 740.4 nm.
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Figure 6.4: Calculated intensity profiles of (a) the fundamental mode (1) at 897 nm, and (b) the
first higher mode at 740.4 nm of the MOF with irregular cladding.

6.3 Numerical simulations and discussion

The properties of the fabricated IG MOFs were calculated through the im-
plementation of a full vectorial method for computing MOFs with a finite
number of air holes that is based on an analysis of the integral equations for
the transversal components of the magnetic field in the holes [7], [66], [99].
As it was shown in [66], this method is comparable in power to the multipole
method [46], [100]. The precise transversal map of the holes was extracted
from the images obtained using an atomic force microscope. Figure 6.2 and
6.3 demonstrate the calculated spectral profiles of the group-velocity dis-
persion (GVD) and the confinement losses for two orthogonally polarized
fundamental LP01 modes, and for the first higher-order mode LP11 of the
MOF with irregular cladding, respectively. The calculations were made with
the use of the well-known Sellmeier formula for bulk silica glass [101]. The
radius of the silica cladding was supposed to be 61.5 um, and the complex
refractive index of the used single-layer protecting acrylate coating to be
1.54-12d10-5. In the assessment of confinement losses for the first fiber we
supposed the diameter d of all air-holes to be the same and equal to the
above average diameter 1.13 pym. Validity of such approuch for IG MOFs
with irregular cladding was experimentally confirmed in [102].The zero val-
ues of the GVDs for the fundamental modes (1) and (2), see Fig. 6.2, take
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place at wavelengths of 897 nm and 893 nm, respectively.

Figure 6.3 shows that zero GVD for the first higher-order mode, which
has minimal confinement losses among all the higher-order modes [103],
takes place at a wavelength of 740.4 nm. Calculations also predict (see Fig.
6.3) that the higher-order mode posseses high confinement losses across the
spectral window between 600 and 1000 nm (8.2 dB/m at 740 nm).

Figure 6.4 shows the calculated intensity profiles for both the fundamental
and the first higher-order modes of the MOF with irregular cladding.

Fig. 6.5 illustrates the wavelength dependencies of the effective mode area

Agpp = (/fgszda)Q(/[gsz2da>_l (6.1)
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Figure 6.5: The spectral profiles of the effective area A.¢¢ (1,3) and nonlinear parameter v (2,4)
of modes for the MOF with irregular cladding. Curves 1 and 2 refer to the fundamental mode,
curves 3 and 4 refer to the first higher-order mode.
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and the nonlinear parameter v = kona/Acrs. Here S, is the Pointing vec-
tor component directed along the fiber, kg is the vacuum wave number,
ng = 2.6 * 107 %cm?2 /W is the fused silica nonlinear-index coefficient and
integration is performed over whole cross-section of the fiber [37].
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Figure 6.6: The spectral profiles of the GVD and confinement losses for the fundamental mode (0)
and the third higher-order mode (3) of the MOF with regular cladding. Zero GVDs take place at
870 nm for the fundamental mode (0), and at 600 nm and 1064 nm for the third higher-order mode
(3). Confinement losses of the fundamental mode do not exceed 2x10-5 dB/m in the presented
wavelength range.

Then, the dispersion and confined loss spectral properties were calculated
for the fiber with symmetric geometry of the cladding. Figure 6.6 shows
the calculated spectral profiles of the GVD and confinement losses for the
fundamental LP01 mode (0) of the mentioned fiber. Now, in contrast to the
fiber with irregular cladding, the transversal components of the electromag-
netic field of the first and the second higher-order modes (in the terminology
of paper [103]) of the MOF with regular cladding are described by the odd
functions with respect to the center of the fiber. As a result, these modes can
not be excited with the use of the symmetric excitation scheme used in our
experiments (see below). So, we calculated the spectral profiles of the GVD
and the confinement losses for the third higher-order LP02 mode (mode 3)
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of the MOF with regular cladding, which is effectively excited because it
has the same symmetry of the field, as the fundamental mode (see Fig. 6.7)
[99], [103]. These data are also shown in Fig. 6.6. The predicted zero GVD
for the fundamental mode was equal to 870 nm, and the confinement losses
do not exceed 2x10-5 dB/m across the whole simulated band. Unlike in the
fiber with irregular cladding, the higher-order mode demonstrates neglible
confinement losses at wavelength below 1000 nm that can be considered
as cut-off wavelength for this mode. The corresponding dispersion profile
possesses the concave shape and crosses the line of zero dispersion twice at
600 nm and 1064 nm. Figure 6.7 shows the calculated intensity profiles for
the fundamental and the third higher-order modes of the MOF with regular
cladding. Fig. 6.8 ilustrates the wavelength dependencies of the effective
mode area A.yy and the nonlinear parameter v of the fundamental and the
third higher-order modes for the MOF with regular cladding.

— l 1

4 um 4 um

Figure 6.7: Calculated intensity profiles of the fundamental mode at 870 nm (a) and the third
higher-order mode at 600 nm (b) of the MOF with regular cladding.

6.4 Supercontinuum generation in the fabricated
fibers

The supercontinuum (SC) spectral broadening was carried out with a tun-
able Ti:Sapphire laser (MAITAI HP) with 100-fs pulses and a 80-MHz repe-
tition rate. The center wavelength of such a laser can be tuned continuously
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Figure 6.8: The spectral profiles of the effective area A.fs (1, 3) and nonlinear parameter v (2,
4) of modes for the MOF with regular cladding. Curves 1 and 2 refer to the fundamental mode,
curves 3 and 4 refer to the third higher-order mode.

between 700 and 1040 nm. The average power of the coupled pulses was
constant; it was set to 56 mW for each wavelength used. The length of the
MOFs used in the experiments was roughly 1 m. The schematic representa-
tion of our measurement setup is shown in Fig. 6.9.

The femtosecond pulses from a Ti:Sapphire laser were coupled into the fibers
under test using a collimator and a matching 25X microscope objective.
The generated SC spectra were monitored with an Agilent 86142B Optical
Spectrum Analyzer (OSA) that provides detection in the 600 - 1650 nm
wavelength range with an average resolution of 1.0 nm. Additionally, we
recorded the transversal power profile of the output beam at the far-field
zone using a CCD camera operating in the visible band. For each fiber
sample, we recorded SC spectra seeded by the laser with center wavelength
swept between 700 nm and 1040 nm in 10-nm steps. Figure 6.10 and Fig.
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Figure 6.9: Schematic of the experimental setup used for supercontinuum generation in the fab-
ricated MOFs.

6.11 show SC spectra generated in the fiber with irregular cladding.

It can be observed that for all pumping wavelengths, the SC spanned over
the full wavelength range of the OSA used, and it exceeded an octave. Fig-
ure 6.12 shows the corresponding far-field distributions for the pumping
wavelengths indicated in the figure. Such distributions were recorded with
a CCD camera. It can bee seen from Figs. 6.10, 6.11 and 6.12 that at 750
nm and at 800 nm pumping wavelengths, we have the broadband supercon-
tinuum spectra ranging from visual wavelengths up to 1650 nm. Also note
that the supercontinuum was also generated when the pumping wavelength
was 700 nm, but it was not asspectrally efficient (flattened) as the SC when
pumping wavelengths were 750 nm or 800 nm.

We can note in Figs. 6.4(b), 6.12(a), 6.12(b), and 6.12(c) that far-field
images observed in the IG MOF with irregular cladding when it is pumped
at 700 nm, 750 nm, and 800 nm are similar to the intensity distribution of
the first high-order mode. From such figures, we can conclude that the first
higher-order mode is a pumping mode of the MOF in the wavelengths range
from 700 nm to 800 nm, where its confinement losses do not exceed 17.2
dB/m (see Fig. 6.3). It is also important to note that the zero GVD of the
first high-order mode for the aforementioned fiber takes place at wavelength
of 740.4 nm.

As one can see in Fig. 6.3, the confinement losses of the first high-order
mode are high enough in the wavelength range from 700 nm to 800 nm
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Figure 6.10: Supercontinuum spectra for the IG MOF with irregular cladding obtained when the
pumping was a femtosecond Ti:Sapphire laser emitting at 700 nm, 750 nm, and 800 nm.

(the range of losses is 7.9-17.2 dB/m). As a result, this mode can reach
the output end of the MOF with a length of 1 m with low power in the
linear regime of propagation and the fiber is a really single-mode fiber. In
order to explain the experimental data shown in Figs. 6.10, 6.11 and 6.12,
it is reasonable to assume that upon the excitation of the first higher-order
mode by high power ultra short laser pulses with wavelengths a little higher
than zero GVD, the mode propagates in the anomalous dispersion regime,
generating a supercontinuum based on the soliton fission mechanism [104],

[105].

The soliton fissing in this case most likely happens for all pumping wave-
lengths; otherwise, the long-wavelength tail of SC will not appear. What we
wanted to emphasize is that the SC spectrum for 700 and 750 nm pumps
contains higher powers within 600-900 nm band than the other parts of the
spectrum. Since the mode profiles of the MOF with random holes is not
fully symmetrical, the overlap between the first high-order mode pump and
higher-order modes of the newly created harmonics could be significant. It
is reasonable to assume that the other nonlinear mechanisms such as self
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Figure 6.11: Supercontinuum spectra for the IG MOF with irregular cladding obtained when the
pumping was a femtosecond Ti:Sapphire laser emitting at 850 nm, 900 nm, and 950 nm.

phase modulation, phase-matched four-wave mixing, modulation instability
are involved to the process of SC generation since the numerically predicted
zero GVD is sitting close to the pump wavelength. At the same time, the
middle part of the spectrum [Fig. 6.10] is highly suppresses and does not
match the typical flattened spectrum generated by means of soliton fission.
We suppose that the long-wavelength part (>1200 nm) can be partly at-
tributed to the phase matched “copy” of the energetic part of the SC. Also,
we can see in Fig. 6.11 that at 850 nm and 900 nm pumping, we have the
broadband supercontinuum spectrum in the wavelength range from visual
wavelengths to 1650 nm; at 950, the supercontinua also exist, but they are
not as spectrally efficient as at 850 nm and 900 nm pumping.

We wanted to emphasize a fact that power of 850 nm and 900 nm pump
is tranferred more effective over the whole spectrum and is not localized at
certain spectral windows.

We also can see in Figs. 6.4(a), 6.12(d), 6.12(e) and 6.12(f) that far-field
images obtained when the IG MOF with irregular cladding was pumped
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Figure 6.12: Photographs of far-field images obtained with the IG MOF with irregular cladding
with length of 1 m. The pumping source was a femtosecond Ti:Sapphire laser with wavelengths:
a) 700 nm, b) 750 nm, c) 800 nm, d) 850nm, e¢) 900nm, f) 950nm.

at 850 nm, 900 nm and 950 nm are like the intensity distribution of the
fundamental fiber mode. It follows from these figures that in this case, only
the fundamental modes (1) and (2) of the fiber with zero GVDs, respectively,
at 897 nm and 893 nm (see Fig. 6.2) are the pumping modes of the IG
MOF with irregular cladding. The GVD and confinement losses of the
first higher-order mode of such a fiber are very high at wavelength values
greater than 800 nm, see Fig. 6.3. So, a supercontinuum generation for the
first higher-order mode becomes impossible in this case. Figure 6.13 shows
supercontinuum spectra for the IG MOF with regular cladding, obtained by
means of pumping the fiber at wavelengths of 850 nm, 900 nm, 950 nm and
1000 nm.

As it can be seen in Fig. 6.5, zero GVDs for the quoted fiber take place
at 870 nm for the fundamental mode, at 600 nm and at 1064 nm for the
third high-order mode, respectively. It can be noted that the behavior of the
fiber with regular cladding is different from that of the fiber with irregular
cladding. In spite of the fact that the IG MOF with regular cladding is a
multimode fiber in the linear regime of transmission, only the fundamental
mode with a zero GVD at 870 nm is the pumping mode in the second fiber.
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Due to the symmetry of the MOF, only mode 3, among all higher-order
modes, can be effectively excited and generate a supercontinuum.
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Figure 6.13: Supercontinuum spectra observed in the IG MOF with regular cladding for pumping
wavelengths of 850, 900, 950 and 1000 nm. Zero GVD for the fundamental mode takes place at
870nm.

The absence of this effect in our case may be explained by the sharp wave-
length dependence of GVD for this mode, see Fig. 6.6. At 850 nm pumping
we have the broadband supercontinuum spectrum in the wavelength range
from 600 to 1650 nm. The spectrum has higher intensity at wavelengths of
600-1070 nm and wavelengths of 1200-1650 nm. At 900 and 950 nm pump-
ing, we also have the broadband supercontinuum spectra in the wavelength
range from 600 to 1650 nm; but the spectra are not as spectrally flattened
as at 850 nm pumping. We can also see in Fig. 6.13 that broadband su-
percontinuum generation does not happen at wavelengths higher than 950
nm, due to a high GVD of the fundamental mode for the MOF with regular
cladding at these wavelengths, see Fig. 6.6.
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6.5 Conclusion

In this work, we report on the fabrication of special (3 number of air-hole
rings) nonlinear, index guiding air-silica microstructured fibers with regular
and irregular claddings. A single-mode fiber with irregular cladding and
a multimode fiber with regular cladding were fabricated. The structure of
the modes and dispersion properties of these fibers were numerically pre-
dicted and experimentally verified. Broadband supercontinuum generation
from visual wavelengths up to 1600 nm in such fibers, both with the length
of 1 m, was observed. We experimentally proved that the supercontinuum
bandwidth can be significantly extended in the MOF with irregular cladding,
since the such fiber supported effective nonlinear coversion both to the fun-
damental and to the higher order mode. Optimal pumping conditions were
identified by tuning the center wavelength of the pump. The optimum pump
wavelengths agreed well with the ZDWs obtained from numerical analysis.



CHAPTER 7

POLYMER OPTICAL FIBERS

7.1 Introduction

At present, Polymer optical fibers (POFs) have a lot of applications, espe-
cially in short-distance communication systems, in the automotive industry
[106, 107], and also in special sensing devices [106, 107, 108], due to their
high flexibility and low stiffness in comparison to those of glass fibers. At-
tenuation in optical fibers is one of the most important parameters, and it is
necessary to have in mind that POFs have significantly greater attenuation
than conventional glass or silica fibers (about 150 dB/km in POFs, while
only about 0.2 dB/km in glass fibers, respectively, at the optical commu-
nication window). A nondestructive scheme for measuring attenuation in
POFs has been recently reported [109].

7.2 Conventional polymer optical fibers

The most commonly used conventional POFs with an outside diameter
of 1 mm, for the car building industry, are fabricated from PolyMethyl
MethAcrylate (PMMA), which is a transparent thermoplastic material [110];
fluorinated PMMA, polycarbonates, polystirene, and some silicones are also
used in the fabrication of POFs, but PMMA is the most commonly used
polymer for POFs, since it is the most transparent polymer and has low
cost.
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7.3 Design and fabrication of microstructured poly-
mer optical fibers (mPOF)

After the first demonstration in 1996 of a silica microstructured (or photonic
crystal) fiber (mPOF)[19], it was quickly realized that a variety of PCF
optical properties could be achieved through diverse materials used. The
first nonsilica PCFs were fabricated using PMMA [111].

The change to polymers had significant potential, given the range of poly-
mers and processing methods available, along with the low processing tem-
peratures, which would allow organic and inorganic dopants to be used that
would not otherwise survive the higher processing temperatures of silica.
The preforms to fabricate mPOF can be fabricated by means of extrusion
[111, 110, 112], stacking [113], casting/molding [114], billet extrusion [115]
and solvent deposition [116], and the properties of polymers are crucial for
the success of some of these methods. In the experimental part we fabricated
mPOF by extrusion and stacking, two of the most used methods nowadays.

One of the advantages of a polymer optical fiber drawing tower is that the
furnace has a large inside diameter, about 70 mm, compared to the 27 mm
of the furnace for silica fibers, and it is possible to fabricate fibers or canes
with a relative large diameter of preforms, tubes or rods. Another advantage
of the Polymer drawing tower is the fact that the temperature is not so high,
and it is not necessary to use an inert gas into the furnace. Consequently,
drawing becomes the most economical process.

Extrusion was the first method employed to fabricate mPOF [111]. It allows
a variety of mPOF designs. Hole positions are not restricted to the hexag-
onal arrangement that is typical for stacked preforms, leading to the first
nonhexagonal microstructured fiber, a ring-structured fiber with the holes
placed in concentric circles [112].

Once the preform is completed, it can be drawn to a cane or a fiber. Drawing
must be done above the glass transition temperature (Tg) of the material.

Extensive modelling of the draw process of microstructured fibers has iden-
tified the role of various process parameters and material properties, such
as draw rates, viscosity and surface tension. As a result, a large range of
behaviors, such as hole expansion or hole collapse, can be achieved solely by
varying the draw conditions and without the use of pressure [117, 117, 118,
119, 120].
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7.3.1 Drawing tower for PMMA fiber

In figure 7.1, we show a picture of the drawing tower in Bilbao, Spain. Where
I passed my predoctoral practices. This is a drawing tower, fabricated in
Finland. On the top the preform feeder, it is possible to see a mechanism
that slowly feeds the preform, the PMMA rods or tubes into the furnace.
This drawing tower has a possibility of rotation of the preform feeder, a very

useful tool for fabrication of twisted fibers.

Figure 7.1: Drawing tower at the Basque University, campus Leioa, Bilbao, Spain. Parts and

assignations.

Preform feeder: Holds
Preforms, PMMA roads and
tubes feeding them slowly
into the furnace.

Funance: Heats the polymer
material into 200-300 C, this is
the main furnance.

Laser micrometer: measures
the diameter of the output
cane or fiber.

Auxiliary puller: Pulls
preforms, rods and capillaries
out of the furnance at a
controlled speed.

Control panel: controls all the
parameters for the drawing
process.

Capstan: Draw fibers from the

furnance.

Winder: Stores drawn fiber.
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There is a special furnace where a preform is heated. The melting of the
PMMA preforms hapens at a temperature of about 230-250 °C, and we
worked in this range of temperatures.

Immediately after the furnace, the laser micrometer is placed, which makes
the diameter measurement of the fiber in two perpendicular axis, and shows
these parameters in the control panel. The capstan draws the fibers from
the furnace, but it is impossible to use this part of the equipment for canes
or tubes with large diameters; this mechanism is only for the fiber drawing
process.

The last part of this tower is the winder, which stores the drawn fiber.

This design of a drawing tower has a very modern control system, through
a touch screen where it is possible to control all the process. This control
panel is shown in the figure 7.2.

Figure 7.2: Control panel of drawing tower in Leioa, Vasque Country, Spain.
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7.3.2 Fabrication of mPOF by extrusion

A very easy way to fabricate the preform in order to obtain a microstruc-
tured Polymer Optical Fiber is by fabricating the holes in a relatively large
diameter rod (in our case, about 50 mm of outer diameter). Due to the
physical characteristics of the PMMA, this material is friendly enough for
air-hole fabrication, obtaining a sufficiently acceptable surface roughness.

Let see the advantages of this method:

o For this method, intercapillary spaces do not exist, and due to this
fact, it is possible to obtain more regular structures.

o It is not necessary to put each capillary into a special hexagonal shape.

e It is not necessary to put filling rods at the edge, between the capillaries
and the external tube.

e It is possible to obtain a very different shapes and number of holes
around the core, and also it is possible to fabricate different diameters
of air-hole in the same preform.

In figure 7.3a, it is possible to see an extrusion preform ready to be drawn
into a mPOF; as we can see at the top, the holes are visible, but the length of
the preform is not too large. In figure 7.3b, it is possible to see the transversal
cut image of the fiber obtained from this preform. In this picture, it is seen
that the roughness of the surface is very visible, and because of that, we did
some reseach about end termination methods for polymer optical fibers in
this chapter [8]. In the figure 7.3c, it is possible to see the mPOF obtained
from the 3 ring preform that is shown in the figure 7.3a. In the figure 7.3d,
we can see a fiber fabricated with very high pressure; it is a deformed fibers,
in which the external part is not circular as it should be.

Also, about the losses in this fiber, it is important to say that they are very
high, about 1000 dB/km at a wavelength of 650 nm.

7.3.3 Fabrication of mPOF by stacking

In this process, we did the capillary stacking as we had done before for glass
fibers, but here we used larger diameters for capillaries, about 8 mm of outer
diameter, and the outer/inner diameter ratio was 0,5. In figure 7.4 we show
different stages of the stacking process: a) hexagonal structure, b) circular
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Figure 7.3: a) 3 ring Preform fabricated by extrusion, b) 2-ring mPOF obtained from the extrusion
preform, ¢) 3-ring mPOF from the extrusion preform, d) 3-ring mPOF obtained with very high
pressure applied into the structure.

structure, ready to be put into the large tube, ¢) and d) a preform ready to
be drawn.

7.4 End termination methods to cut polymer op-
tical fibers [8]

Attenuation in POFs is one of most important parameters, and usually mea-
sured through the use of the cut-back method [121]. In this case, the fiber
end face preparation is of great importance. The following conventional
methods for preparing POF end faces have been developed [106]:



92 Chapter 7. Polymer optical fibers

Figure 7.4: a) hexagonal structure, b) circular structure ready to put into the large tube, c) and
d) a preform ready to be drawn.

1

. Cutting at a perpendicular angle and polishing with a sand paper;
2. Simple cutting with a thin blade (usually once for a single cut);

3. Hot-plate POF end face preparation, when, after cutting, the fiber is
additionally pressed against a hot mirror;

4. Laser cutting;
5. Microtome cut;

6. Press and cut, when a suitable radial pressure is applied to the fiber
before cutting.
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The existing conventional methods of POF end face preparation yield an
insertion loss for one POF end surface of about 0.24-0.68 dB. The problem
is that some of these techniques are time-consuming and costly, depend on
the skills of the operator, and do not give POF end faces that are sufficiently
identical. It is necessary to point out that it is likely that excellent results at
preparing POF end faces via hot razor-blade/hot-fiber cleaving techniques
have been obtained lately for multimode graded-index microstructured POFs
with outside diameters of 400 pm [122, 123], as well as for single-mode
microstructured POFs with outside diameters of 125 pm and 280 pm [124].
Unfortunately, any information about attenuation in used fibers and also
information about insertion losses for fabricated POF end faces is absent in

these articles. Figure 7.5 shows a fault end termination of a conventional
POF.

Figure 7.5: Fault end termination of a conventional POF.
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7.5 Polymer optical fiber end termination with
use of liquid nitrogen

The main idea here is to prove that we can obtain low insertion loss with
a new technique that produces practically identical POF end faces. For
preparing POF end faces, we propose the use of the score-and-break or the
scribe-and-break methods, which are the basic methods for preparing iden-
tical enough end faces in glass optical fibers [125, 126]. We think that if
we briefly cool POFs with liquid nitrogen or liquid nitrogen vapor at tem-
peratures lower than -50°C, we can suppress elastic POF properties. Then
it will be possible to use the above-mentioned scribe-and-break method for
preparing POF end faces. The step index POFs employed in our experiments
were fabricated in our laboratories, and consist of a polymethyl methacry-
late (PMMA) core with a diameter of 0.96 mm and a single cladding from
fluoro-acrylate with an outside diameter of 1.0 mm. The refractive index of
the PMMA core is 1.49, the refractive index of the cladding is about 1.4 at
650 nm. Figure 7.6 shows measurement results of attenuation in our fiber
and in a Mitsubishi commercial fiber CK for a wavelength range of 450-700
nm; we used the cut-back method in our measurements. POFs with a length
of about 130 m were the ones employed. POF end faces were prepared by
using the hot-plate method.

In figure 7.6, we can see that our fiber has less attenuation than the Mit-
subishi fiber CK40. To compare the proposed scribe-and-break method
of preparing POF end faces with the existing conventional methods for
POF end termination, we also fabricated conventional POF end faces with
RPsingle-cut guillotines [112], using a cutting instrument from Rennsteig
Werkzeuge GmbH Co. [112], and also with a hot-plate. A schematic view
of the proposed scribe-and-break method for preparing POF end faces is
presented in figure 7.7

We prepared POF end faces with this method in the following way. Ini-
tially, a scratch was circumferentially made around the fiber at laboratory
temperature of about 25°C using a RPsingle-cut guillotine. Then, the fiber
was fixed at two edges of a thermos containing liquid nitrogen, and was
allowed to cool for about 15 seconds in the liquid nitrogen or in a liquid
nitrogen vapor. Using a curved form with a 2.7-cm radius, perpendicular
POF fractures with no visible defects were produced by moving the curved
form down, see figure 7.7; for reference, we also broke the fiber without using
liquid nitrogen. Of course, it is not possible to break non-refrigerated POF
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Figure 7.6: Comparison of attenuation of out home-made fiber with Mitsubishi CK40.

using the 2.7-cm radius curved form, so we broke it by decreasing the fiber
bending radius until the fiber broke.

Measurement of insertion loss was carried out according to standard TEC
61300-3-4. A measurement setup in accordance with this method consists
of a light source, a mode filter, an investigated POF and a power meter. We
used an AQ4335 white light source to launch light into the mode filter. A
piece of the aforementioned POF, with polished end faces and with a length
of about 60 m, wound on a spool with a diameter of 154 mm, was used as
the mode filter. Investigated POFs with lengths of 0.5 m and an AQ-6315A
optical spectrum analyzer as a power meter were used in our measurements;
preliminary, end faces of the investigated fibers were also prepared by polish-
ing. The measurement was performed in two steps: the first step consisted
in obtaining a reference spectrum at the mode filter output, and the second
step consisted in obtaining the spectra at the investigated fibers outputs.
Before carrying out the every second step, we connected the output end
face of the filter with an input end face of every investigated fiber into a
joint by using connectors having special elements to fix the fiber in needed
position inside the connectors. A drop of a Cargille oil with a refractive
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Figure 7.7: Scheme of the proposed POF end face preparation by the scribe-and-break method

index of 1.49 was then added between the end faces of the connected fibers.
We assumed that we had a very small loss in the joint when we had an
additional loss of 0.31 dB (at 650 nm) at the output of the investigated fiber
(the output POF end surface yielded an insertion loss of about 0.25 dB for
a polished end face, plus a loss of 0.06 dB within an investigated piece of
the POF with the length of 0.5 m). After the calibration of the setup we
measured insertion losses for different prepared POF end faces. Figure 7.8
shows insertion loss in a wavelength range of 450-700 nm for POF end faces
prepared using different termination methods.

We can see in figure 7.8 that the insertion loss for faces prepared with con-
ventional RPsingle-cut guillotines is 0.55 dB at 650 nm. For faces obtained
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Figure 7.8: Insertion loss for POF end faces prepared with different methods.

by POF breaking without using liquid nitrogen, the loss is 0.53 dB. For faces
prepared with a hot-plate, the loss is 0.33 dB. We also obtained an insertion
loss of 0.4 dB for POF faces fabricated with the conventional Reinnsteig
Werkzeuge GmbH Co. cutting instrument, of 0.38 dB for faces fabricated
in liquid nitrogen, and of about 0.22 dB for faces fabricated in liquid ni-
trogen vapor. It is possible to conclude from these data that the proposed
method of POF face preparation yield lower insertion loss than the conven-
tionally used methods of POF preparation. We also looked into the quality
and perpendicularity of the fracture surfaces obtained using liquid nitrogen
and without using it. A National DC-163 digital optical microscope and
an atomic force microscope (AFM) with a resolution of 50 nm for 30x30
pm images were used in this research effort. Figure 7.9 shows the image of
a POF fracture surface obtained in liquid nitrogen [figure 7.9(a)] and the
image of the best POF fracture surface obtained under normal environmen-
tal conditions [figure 7.9(b)]. The images were prepared by means of the
aforementioned optical microscope.

It is seen in figure 7.9 that it is difficult to evaluate the quality of these
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Figure 7.9: POF fracture surfaces obtained: a) in normal environmental conditions (surface 2),
b) in liquid nitrogen (surface 1), ¢) simple cutting with a thin blade and d) with the conventional
Reinnsteig Werkzeuge GmbH Co. cutting instrument.

fracture surfaces visually. That is why we analyzed the surfaces with the
atomic force microscope (AFM). Figures 7.10 and 7.11 show relief of the POF
fracture surfaces shown in figure 7.9(a) and in figure 7.9(b), respectively.

These figures present the relief in the centers of the POF fracture surfaces.
We also analyzed relief of the surfaces in intermediate zones, and in a zone
near the edge of the fiber. Results of our measurements are presented in
Table 7.1. We can see in Table 7.1 that the surface relief of the POF face
fabricated with use of liquid nitrogen is 2 or 3 times smaller than the relief
of the face fabricated under normal environmental conditions.

Of course, the relief in the zone near the edge of the POF fibers is almost
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Figure 7.10: Relief of POF fracture fabricated in liquid nitrogen.
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Figure 7.11: Relief of POF fracture fabricated in normal environmental conditions.

the same, due to the fact that the same guillotine was used to make cir-
cumferential scratches. We also decided, upon preparing POF faces with
the scribe-and-break method, not to put the fibers into liquid nitrogen, but
only to expose them to a liquid nitrogen vapor. The experiment was per-
formed with the POFs positioned at 5-10 mm above the liquid nitrogen level
in a thermos; we kept the fibers in the liquid nitrogen vapor for periods of
10, 15, 20 and 30 seconds, and the time of exposure determines the tem-
perature of the fibers at breaking. We then broke the POFs using the same
2.7 cm radius curved form. Figure 7.12 shows results of insertion loss mea-
surements for the fabricated POF end faces. We can see in figure 7.12 that
the insertion loss is lower when the fibers are exposed to the liquid nitrogen
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Surface No. Center Intermediate zone Zone near edge
Surface 1 0.33-1.16 um 1.85 pm 0.65 um
Surface 2 2.41 pm 2.49-3.49 pm 0.68 pum

Table 7.1: Relief of the investigated fracture surfaces obtained with AFM.

vapor for about 10-15 seconds. It seems that in this case, the POF breaking
temperatures are the optimal ones for POFs on a base of PMMA.
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Figure 7.12: Insertion loss for POF faces fabricated at different times of exposure to liquid nitrogen
vapor.

Figure 7.13 shows images obtained with the digital optical microscope of
POF fracture surfaces that were fabricated in liquid nitrogen vapor after
an exposure time of 15 sec [figure 7.13(a)], and of POF fracture surfaces
fabricated with a conventional hotplate method [figure 7.13(b)].

In this case, we have found that the insertion loss for POF faces fabricated in
liquid nitrogen vapor is smaller than for POF faces fabricated with the hot-
plate method and is comparable to the loss of polished faces. Also, using the
POF scribe-and-break method proposed here, we found the insertion loss to
be mainly less than of 0.2 dB, in the 20 breaks we prepared. So, using this
POF end face preparation method we obtained a high repetition of insertion
loss.
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Figure 7.13: POF fracture surfaces fabricated (a) in liquid nitrogen vapor after being exposed to
the vapor for 15 seconds, (b) with a hot-plate method.

7.6 Conclusion

In conclusion, we have demonstrated a new method of POF end face prepa-
ration. It includes preparing a scratch circumferentially made around the
fiber at temperature of about 25°C, cooling the fiber for a short time in
liquid nitrogen or liquid nitrogen vapor, and breaking the fiber using a spe-
cial curved form. Perpendicular fractures for a home-made step index POF,
which consists of a PMMA core with a diameter of 0.96 mm, and a sin-
gle cladding from fluoro-acrylate with an outside diameter of 1.0 mm, were
prepared with the 2.7-cm radius curved form. The insertion loss for the
fabricated POF end faces was measured, and for comparison, we also mea-
sured the insertion loss for the POF end faces fabricated using conventional
methods for POF end face preparation. We have found that by using the
proposed method of POF end face preparation, it is possible to fabricate the
POF end faces with an insertion loss of about 0.2 dB, which is less than the
loss when using the now existing methods for POF end face preparation.
We have also obtained a high reproducibility in insertion loss for POF end
faces fabricated using the newly proposed method. We also believe that
the proposed method will find a wide application for preparing end faces of
POFs with a thinner core than what we used, and also for preparing end
faces of microstructured POFs.
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