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ABSTRACT

Multicore microstructure fibers have emerged as promising components in
ultrahigh capacity transmissions, biomedical imaging, quantum computing and signal-
processing applications like wavelength conversion, and optical amplification. For long-
haul transmission they are attractive due to low differential group delay [1] and nonlinear
impairment reduction depending on the number of cores [2]. In this thesis we explore the
linear-optical and nonlinear-optical properties of single and triple-core microstructure
fibers with the goal of using them in parametric devices based on the four-wave mixing
(FWM) nonlinearity Although the presence of multiple cores in a fiber produces drawbacks
as well as advantages, we experimentally demonstrate that FWWM and parametric oscillation
are possible in multicore microstructure fibers. One such advantage is the ability to increase
the power conversion efficiency of a fiber optical parametric oscillator (FOPO). We also
present results for a FOPO built using a single-core microstructure fiber and demonstrate
a higher power extraction using a polarization-based output coupling method compared
with a polarization-independent method.

We discuss measurements of the group velocity dispersion over a wavelength range
from 1064-1600 nm. We study the mode coupling among the cores as a function of input
power, polarization, wavelength, and spectral broadening. We demonstrate FWM in a triple
core microstructure fiber at 1064 nm and study the transition between the case where FWM
happens primarily in a single core and the case where FWM is distributed among multiple
cores. We find that the effective nonlinear coefficient is reduced by a factor of 3 (the
number of cores) when the coupling length is short compared with the nonlinear length,
and that this leads to a three-fold reduction in the FWM bandwidth.
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CHAPTER 1

INTRODUCTION

With the evolution of humans, people hunger for new inventions and discoveries to
improve their lives. In different eras, people developed new technologies and novel devices
for improving transportation, communication, health, etc. to improve their way of living
based on their needs. In the past several decades, researchers and laser scientists have
diversified their interests into many fields like medicine, biology, industry, and
communication. One of the growing sectors in the 21% century is laser and fiber optics
technology. The high power from the laser invented in 1960 enabled the study of the field
of nonlinear optics [3]. Lasers are now being used in curing disease, welding, etching,
cutting, printing, and various other fields [4]. In the communication and internet fields,
optical fiber is a boon for the ultra-fast speed of signal transfer and ultra-high capacity of
the system. Fiber optics is remarkably attractive in telecommunication for its relatively low
attenuation at wavelengths around 1550 nm [5]. Moreover, fibers have gained attention in
amplifiers like Raman amplifiers and optical parametric amplifiers. The fiber optical
parametric amplification works based on a third-order nonlinear phenomenon called the
four-wave mixing. The detail on the parametric amplification using fiber and the different
processes that occur during this phenomenon is discussed in detail in chapter 5 and 6. Fiber
optical parametric amplification (FOPA) has promising applications in wavelength
conversion, nonlinear microscopy, quantum optics, and as a pump source for mid-infrared
lasers [6, 7]. In this chapter, | will briefly describe the outlook of optical fiber technology
and summarize the fiber manufacturing process. The history of discoveries and
development of fiber technologies is summarized in section 1.1. Subsection 1.1.2 is the
general short overview of the fabrication method of an optical glass standard fiber and a
photonic crystal fiber. | give the fundamentals of optical parametric devices in section 1.2.
The motivation behind my research work and the objective of this thesis are summarized
in 1.3. Finally, section 1.4 summarizes the chapters of this dissertation.

1.1 Fiber optics

An optical fiber is a hair-like thin cylindrical dielectric waveguide to transmit light along
its length. It consists of a transparent core embedded in a cladding and a jacket. The
refractive index of the core region is slightly higher than that of the cladding region. The



light is guided in the core region by the total internal reflection which is an optical
phenomenon that occurs when a light in the denser medium is incident with an angle greater
than the critical angle. A general structure of optic fiber and a ray diagram for the guided
light in the fiber are shown in figure 1.1.

Jacket
(a) = — \Cladding

y rd

/ 7 Core
yi /
/ /
A\ \
\

\\\ \\\E‘ .

(®)

Fig. 1.1. (a) Cross-section view of an optic fiber (b) Light ray guided in fiber by total
internal reflection occurring at the core-cladding interface when n, > n,. n; and n, are
the refractive indices of the core and cladding materials respectively.

A higher core refractive index can be achieved either by selecting suitable dopants like
GeO:z2 for the core to increase the refractive index of the pure silica or the dopants like
boron, fluorine, etc. for the cladding that decreases the refractive index of the cladding
silica [8]. Depending on the refractive index of the core material, it can be sub-grouped
into step-index and graded-index. Step-index fiber has the core region with a uniform
refractive index, while the graded-index fiber has the core region with a refractive index
gradually decreasing from the center to the core-cladding boundary.

1.1.1 History of fiber optics

Over the past few centuries, research in the photonics field transferred the means of
communication from conventional methods to advanced technologies. The chronological
inventions of newspaper (1641), typewriter (1714), telegraph (1837), fax machine (1843),
telephone (1876), radio (1901), television (1926), computer (1937), transistor (1947), and



laser (1960) revolutionize the technology progress and further lead to the inventions of
optical fiber and ethernet technology as the backbone of modern technology [9]. The
demonstration of light guided along with a jet of water by Daniel Colladon in 1841
anticipated the concept of fiber optics [10]. Meanwhile, Jacques Babinet extended the
principle to guiding light along bent glass rods [10]. However, at their time, the glass
technology had limits and was not used for guiding light. It was in 1930 that Heinrich
Lamm transmitted an image of a light bulb filament through a bundle of optic fibers [11].
Modern fiber optic technology grew rapidly through the research and development done in
the past. Theodore Maiman invented the first laser using a synthetic pink ruby crystal in
1960 [12]. The same year, He-Ne laser was demonstrated [13]. The high power from the
laser enabled the study of the nonlinear optics field and its effect on the light transmission
in glass fiber. Eleas Snitzer theoretically described fibers supporting a single mode in a
small core fiber in 1961 exhibiting high losses for communication applications [3]. Charles
Kao and George Hockham of Standard Communication Laboratories in England in 1964,
theoretically demonstrated that the loss in fiber can be reduced by removing impurities
[14]. For this ground-breaking achievement in the transmission of light in fiber for optical
communication, Charles Kao was awarded the Nobel prize in Physics in 2009. In 1970,
F.P. Kapron et al. at Corning Glass Works reduced the attenuation losses in a single-mode
fiber to less than 20 dB/km measured at a 632.8 nm wavelength [15]. This was achieved
by doping fused silica glass with titanium. Two years later, they fabricated a germanium
dioxide-doped silica fiber with an attenuation loss of only 4 dB/km. Further improvement
in the fabrication process and more purity of the fused silica glass improved the
performance of optical fiber in achieving low-attenuation and high bandwidths. Bell
Laboratories developed a modified chemical vapor deposition process for the mass
production of fiber optics in 1974 [9] and is still considered a standard process for fiber
cabling manufacturing. In the 1980s, telephone companies started using fiber optics
extensively in the communication field. Semiconductor InGaAsP lasers developed in the
early 1980s were used to demonstrate the fiber loss below 1 dB/km at 1300 nm. However,
the long-distance transmission became possible when low fiber attenuation (0.2 dB/km)
was identified at wavelengths near 1550 nm using a single-mode semiconductor laser [16].
Long-distance communication became inexpensive only after the development of an
erbium-doped fiber amplifier by David Payne and Emmanuel Desurvire in 1987 [17]. In
1991, the concept of photonic crystal fiber was proposed, which guided light by diffraction
from a periodic structure [18] and it was first fabricated in 1996. The golden age for the
development of the optical fiber and its accessories is considered the period of 1960-2000
[8, 17, 19-26]. The timeline of the development of optical fiber and discoveries of its
associates before 2000 is mentioned below.



1956 Term ‘fiber optic’ coined

1960

1961
1964
1970

1972
1974
1975
1977
1979

1979
1987

Laser
Single mode fiber

Low loss fiber (loss:20dB/km)
Ti-doped silica fiber

Ge-doped silica MMF
Modified chemical vapor deposition
Graded index fiber

Fiber optic trail by telephone company
Multicore fiber
Low loss fiber (loss:0.2dB/km)

Erbium doped fiber amplifier

1988 Transatlantic fiber optic cable

1991 PCF proposed
PCF fabricated

WDM
Graded index plastic optical fiber

1996

1996
1997

Fig. 1.2: Timeline of the discoveries in the optic fiber field in the golden era 1960-2000.

1.1.2 Fabrication of optical glass fiber

Mostly, optical fibers are made up of material like fused silica (Si0,). In a conventional
optical fiber, the refractive index difference between core and cladding is made by doping
some materials like Germania (Ge0,) or alumina (Al,03) in the core to increase the core
refractive index. Dopants like boron oxide (Be,05) or fluorine are added to the cladding
to lower the refractive index during the fabrication process. But the photonic crystal fibers
are usually made up of single material like fused silica glass with micro-structured
cladding. The optical fiber fabrication process generally involves two main stages, preform
fabrication, and fiber drawing [8]. The first stage involves the production of the cylindrical
preform with desired index profile and core-cladding dimensions. The production of the
preform is commonly done with the modified chemical vapor deposition (MCVD) method
as shown in Fig. 1.3 for step-index and graded-index fibers. In the process, the fused silica
is obtained from the oxidation of SiCl, at a temperature of 1800 K. For a Ge-doped silica
preform, the formation of GeO, is similar. The vapor phase reactions are



SiCl, + 0, < Si0, + 2Cl, (1.1)

GeCl, + 0, < GeO, + 2CL, (1.2)

A pure silica tube is placed in a lathe and is rotated along the length. The gas flows through
the tube forming soot which deposits on the inside of the silica tube. The burner transverses
along outside of the tube. It is also moved back and forth across the tube length for the
uniformity of the layer deposition. When the necessary layers are built up, more heat is
added to the tube to collapse it into a solid rod called preform. It can be around 40-60 cm
in length. It is then drawn into a fiber. It can be regarded as a large-scale optical fiber that
has the same index profile and core-cladding dimension as the drawn optical fiber. Special
care is taken during preform design for any contaminations in the lattice that may
significantly increase the transmission loss. The MCVD method cannot be applied for the
photonic crystal fibers as their preforms contain small holes throughout.

For the fabrication of multicore and micro-structured fiber, the stack and draw fiber
technique is most widely used [27]. In this method, silica capillaries or rods are stacked
and fused together into a macrostructure called multi-rod preform, as shown in Fig. 1.4,
which is then slowly pulled through a high-temperature furnace (700-900°C) until desired
structure and dimensions are achieved using a fiber drawing tower. The stacking is done
in a definite lattice such as hexagonal and square and is thermally integrated preserving its
shape over the whole length. Cores are created by removing one or more glass capillaries
with glass rods. The fiber parameters such as airhole diameter, core diameter and hole-to-
hole spacing (lattice constant) can be altered by varying the furnace temperature, preform
feeding rate and the drawing speed.

The second stage is the drawing process performed on a draw tower. The preform is put in
a draw furnace at the top of the tower. The tip of the preform is heated to melt and is
continuously drawn using a precision feed mechanism as shown in Fig. 1.5. The preform
is drawn down to the standard diameter of 125 microns producing many kilometers of fiber.
The drawing process is similar for conventional fiber and photonic crystal fiber. A detailed
fiber fabrication procedure has been described in [27, 28].
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Fig. 1.3. MCVD process for the production of Ge-doped silica fiber preform. Reprinted
from [29] with permission.
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Fig. 1.4: Fabrication method for photonic crystal fiber. (a) individual glass capillary or rod
formation (b) stacking of capillaries or glass rods for preform formation (c) drawing of the
preform (d) final fiber drawing to the desired structure. [27]
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1.2 Optical parametric devices

A nonlinear medium pumped by an intense laser beam yields coherent light when certain
conditions are met. Such a device is called an optical parametric device. With the advent
of the laser, it was possible to send intense light through a nonlinear crystal in 1961 leading
to second harmonic generation [31]. The demonstration of optical parametric devices leads
to the generation of coherent tunable light in the visible and infrared regions. Research and
development stimulated after the first demonstration established optical parametric
generation as a promising tool for providing intense and robust pulses from nanoseconds
to femtoseconds in duration in mode-locked operation. Similarly, optical parametric
generation can also offer a single wavelength and continuous wave operation with excellent
spatial and temporal beam properties. However, the performance of the optical parametric
device depends on the quality of the pumping source and nonlinear materials being used
[32]. Below are some of the parametric devices using 2" order nonlinearity (such as
crystal) and 3" order nonlinearity (such as fiber).
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Fig. 1.6. Parametric devices. (a, d) generators (b, e) oscillators (c, f) amplifiers. SHG:
Second Harmonic Generation, two identical photons combine to form new photons with
twice the energy and half the wavelength of the initial photons.; SFG: Sum Frequency
Generation, analogous to that of SHG, except that the two input photons are at different
frequencies; DFG: Difference Frequency Generation, similar to SFG, but the frequency of
the generated photons is the difference of those of the input photons; THG: Third Harmonic
Generation, three identical photons combine to form new photons with thrice the energy of
the initial photons; OPO: Optical Parametric Oscillator; FOPO: Fiber Optical Parametric
Oscillator; OPA: Optical Parametric Amplifier; FOPA: Fiber Optical Parametric
Amplifier. (a-c) and (d-f) are devices using 2" order and 3" order nonlinearity respectively.



1.3 Motivation and objective of the dissertation

In recent years, with the demands of high speed and high capacity optical systems, fibers
with well-spaced multi-cores have emerged as an essential long-distance transmission
medium for optical pulses [33]. Several recent research articles show that multicore fiber
is emerging as a strong candidate for ultrahigh capacity transmission over a long-haul
distance in future optical transmission systems [34-36]. The growing global demand of
faster, secure, reliable and larger capacity of optical communication system and network
motivated me to study the physics and applications of one new types of optical fiber, the
multi-core microstructure fiber. Before implementing a fiber in practical use, it is crucial
to understand how the signal gets affected when it propagates through the fiber. Moreover,
Fiber optical parametric oscillator (FOPQ) is a coherent source of light based on the four-
wave mixing in optical fiber [4]. It is considered a promising alternative to solid-state lasers
for its robustness and compactness. | am motivated to use a multicore fiber to develop a
FOPO seeking an advantage of mode coupling on the output power.

The objective of this dissertation is to study the linear and nonlinear properties of a
multicore fiber over a wide range of wavelengths that can be applied for a design of a
parameter tailored fiber for its various applications including the fiber optical parametric
oscillation. Moreover, we aim to investigate the role of mode coupling on the output power
obtained from a FOPO under various conditions.

1.4 Summary of the dissertation

This dissertation mainly focuses on the various linear and nonlinear properties, including
phase-matched four-wave mixing (FWM), in a 3-core micro-structure fiber for a
wavelength of 1.064 um. This fiber’s potential application in an optical parametric
oscillator is also investigated. We also modeled a scheme based on the polarization of the
fields to extract more coupled output power from a FOPO system. The remainder of this
dissertation is organized in the following chapters.

Chapter 2 is the optical waveguide in which index guiding fiber is briefly discussed with
Maxwell’s equations that govern wave propagation in such fiber. This chapter consists of
expressions of Maxwell’s equation for the wave propagation in fiber in linear and nonlinear
regimes. The optical modes of a cylindrical fiber are also discussed in detail. | introduce
the multicore photonic crystal fiber and its novel features over a single core fiber with
potential applications in different fields. Lastly, modes in a 3-core fiber are depicted using
a coupled mode theory considering a small perturbation in fields in each core due to
evanescent fields caused by the mode coupling.

Chapter 3 is the study of the linear properties of a 3-core microstructure fiber. | describe
the chromatic dispersion in the fiber and discuss group velocity dispersion measurements
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for our 3-core fiber along with their theoretical estimations over a wide range of wavelength
1100-1600 nm. I investigate mode coupling behavior in a multicore fiber as functions of
wavelength, optical power, polarization of input light and spectral broadening establishing
a clear understanding of their effects. At the same time, | also perform relevant numerical
simulations to validate our experimental work. The study of mode coupling is crucial not
only for the design of fibers but also for the signal transmission over a distance and for the
construct of photonic devices like an optical switch, coupler, and sensors. | determine the
coupling coefficient and coupling length.

Chapter 4 is the study of the nonlinear properties of a 3-core PCF. | observed the spectral
broadening caused by the self-phase modulation (SPM) over a wide range of wavelengths.
I discuss the origin of the nonlinear effect in the fiber and Kerr’s nonlinearity mostly the
SPM including its observance over a wavelength ranging from 1000-1600 nm. | also
discuss the spectral broadening in different lengths of fiber over a wide range of input
power. | observe a four-wave mixing at or near a wavelength of 1064 nm whose spectra
are utilized to estimate the fiber’s group velocity dispersion (GVD) and SPM parameter.
These estimations are compared with the experimental measurements from chapters 3 and
4. The experimental observation of the four-wave mixing in the fiber is a milestone in
building fiber optical parametric oscillator, which is a reliable source of coherent light.

Chapter 5 is the experimental study of the power measurement from a fiber optical
parametric oscillator using a non-polarization maintaining microstructure fiber. A brief
historical review of FOPO is presented at the beginning. A crucial phenomenon of wave
mixing called FWM is also shortly described. A short description of polarization and its
effect on pulse propagation through a birefringent fiber is included to understand its role
for our fiber. I mention the previously performed experiment and the further research work
I continue on the polarization-based scheme for the FOPO power extraction and discuss
results based on the effect of polarization. | also explore the state of polarization of the
fields in the cavity of the FOPQO, and its experimental measurements.

Chapter 6 is the study of the application of a multicore fiber in fiber parametric devices. |
develop a modified coupled mode theory for the pulse propagation in a 3-core fiber to try
to understand how mode coupling impacts FOPO performance. The modified coupled
mode theory applied to FWM in a 3-core fiber gives eigenvalues for the parametric gain
coefficient for a FOPO. This comprehensive theory can be used to understand the coupling
modes in fiber that affect the gain obtained from a multicore FOPO. The experimental
observation of degenerate FWM is given. | also discuss the polarization dependence of
FWM spectra in the 3-core fiber.

Chapter 7 is the discussion on the future directions of this work including the study of the
modes in the oscillator’s cavity at various ways of controlling modes, its potential
applications in photon pair generation for quantum optics applications and in devising
Sensors.



CHAPTER 2

OPTIAL WAVEGUIDES

An optical waveguide is a dielectric cylindrical or planar structure to guide an
electromagnetic wave along its longitudinal direction. Waveguides are classified into
planar waveguides and channel waveguides. In a planar waveguide the core is sandwiched
between cladding layers and the light is confined in only one transverse direction. The core
is sometimes called the film while the upper and lower cladding layers are called the cover
and the substrate. In a channel waveguide, such as an optical fiber, the core with a slightly
higher refractive index is surrounded by the lower refractive index cladding region and the
light is confined in two transverse directions. Figure 2.1 shows the core and cladding
designs for the planar and channel waveguides. The light is guided in the core region by
the total internal reflection which is an optical phenomenon that occurs when a light in the
denser medium is incident with an angle greater than the critical angle. Higher core
refractive index can be achieved either by selecting suitable dopants like GeO2 for the core
to increase the refractive index of the pure silica or the dopants like boron, fluorine etc. for
the cladding that decrease the refractive index of the cladding silica. Depending on the
profile of the refractive index of the core material, the fibers can be sub-grouped into step
index and graded index varieties. This chapter provides the fundamental background
knowledge required to understand the concept of light propagation in an optical fiber.
Section 2.1 describes the index guiding fiber. The propagation of an electromagnetic wave
in an optical waveguide can be well understood by Maxwell’s equations which are
explained in section 2.2. Section 2.3 describes optical modes in fiber and section 2.4
contains multicore photonic crystal fiber.

(a) 1-D confinement (b) 2-D confinement

Fig. 2.1. Optical waveguides with different structures (a) planar (b) channel [37]

11
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2.1 Step-index fiber

If the core of a fiber has constant refractive index, the fiber is called a step-index fiber. The
refractive index profile n(r) is defined as

_(ny for 0<r <a/(coreregion)
n(r) = {nz for r> a(cladding region) (2.2)
where a is the core radius. Light is confined in the core by the total internal reflection
phenomenon at the core-cladding boundary for n; > n,. The ray diagram for the guided
light in the fiber is shown in figure 2.2 in which the total internal reflection occurs at the
core-cladding interface when n; > n,.

Jo

rarcr

Refraction Critical angle Total internal reflection

Fig. 2.2. Light ray guided in fiber by total internal reflection occurring at core-cladding
interface.

A fiber is, in general, characterized by the relative core-cladding index difference and the
dimensionless parameter VV-number given by

A= T2 (2.1a)

ny

V = koa\/n? —n2 (2.1b)

where ky = 27” and A is the wavelength of the light in vacuum. Light propagates inside a

fiber in the form of modes. The V-number determines the number of modes supported by
a fiber. Based on the modes, a step index fiber can be categorized into single mode and
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multimode step index fiber. If V < 2.405, a step index fiber supports only one mode and
if V > 2.405, the fiber supports multiple modes. The core radius a is typically <5 pum for
single mode and > 25 pum for multimode fibers.

2.2 Maxwell’s equation of wave propagation

In this section, the fundamental principles governing the propagation of light in an optical
fiber are described. The propagation of fields in optical fibers is governed by well- known
Maxwell’s equations [8] which are expressed as

V.D =p;=0 (2.2)
V.B=0 (2.3)
JB
VXE=—— 2.4)
dat
oD D (2.5)
VXH=]+ 50 =%

where, D =¢,E+ P and B = uyH, gyand p, being the vacuum permittivity and
permeability respectively and E, H, and P are the electric field, magnetic field and induced
electric polarization respectively. ] = 0 & py =0 for an optical fiber as there are no free
charges present in it.

The curl of electric field vector in equation (2.4) can be written as

1 0%E %P

XVXE=————
VXVXE 2oz Moz (2.6)

where, ¢ is the speed of light and py&, =1/c?. Using the cross-product rule, we may write
VxVXE=V(V.E)— V?E = —V2E. (2.7)

The total polarization P(r,t) induced by electric dipoles is given by

P(r,t) = & inE(r, t)! (2.8)

where y' are the tensors of rank (i+1) representing material susceptibility. For an optical
fiber, the second-order nonlinearity is zero due to inversion symmetry and we include only
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up to the third order nonlinearity governed by y® ignoring higher order nonlinear effects.
We express the induced polarization as a combination of linear and nonlinear part as

P(r,t) = P,(r,0) + Py, (r,1) (2.10)
where, P;(r,t) = gox!- Eand Py, (r,t) = gx3 i EEE.

Therefore, we get,

1 82E 2P, 92Py, (2.11)

E—— + Up 5z

2 —
2oz Mgz

This wave equation governs the light propagation in a medium. For a low-power light
propagation, Py, is small and can be ignored. However, for a high-power light
propagation, we must include the nonlinear induced polarization. The following two cases
explore low-power linear propagation and high-power nonlinear propagation.

Case I: Linear pulse propagation

To determine the solution of linear part, we ignore nonlinear effect in a silica fiber by
setting P, =0. We can rewrite equation (2.11) as

1 82E 2P, (2.12)

2 _
Tczorr T Mgz

The equation 2.12 is linear in E. We may express above equation in the form of the
Helmholtz equation expressed in the frequency domain

w? 2.13
V2E+Tl2(w)c—2E=0. ( )

Equation (2.13) is solved for the cylindrical symmetry of fibers in the section 2.3 to obtain
the optical modes.

Case I1: Nonlinear pulse propagation

For short pulses (T, < 10 ns) propagating through an optical fiber, the nonlinear effects
cannot be ignored. Both group velocity dispersion (GVD) and fiber nonlinear response
must be considered. Because of the complexity, several assumptions have been made to
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simplify the equation. The induced nonlinear polarization is assumed as a small
perturbation to the linear part of induced polarization as in equation (2.10). This is due to
the fact that nonlinear induced polarization is much smaller than the linear induced
polarization. Secondly, the field is assumed to be a slowly varying envelope and the dipole
approximation is valid. The electric field can be written in the form

1 )
E(rt) = 59? Ee™ @t 4 ¢.c. (2.14)

where % is the polarization unit vector, E, (1, t) is the slowly varying field along x direction
and w, is the central frequency. The polarization components P (r,t) and Py, (r,t) can
also be expressed in the similar way as

1 ;
P,(r,t) = EJ?PL(r, t)e '@l + . c. (2.15)

1 ,
Py, (r,t) = 5 2Py, (r,t)e ™" +c.c. (2.16)

The linear part can be expressed in the frequency domain. Therefore, we can write them in
terms of material susceptibility as

E
Py(r,0) = ox* E(r,t) = o' E(r, 0 — w,). 2.17)

The nonlinear part is
Py, (r,t) = gx3  E(r, t)E(r, t)E(1, 1). (2.18)

Substitution of equation (2.14) in equation (2.18) implies that Py, (r,t) oscillates at w,
and 3w, . Oscillation at third harmonic frequency 3w, can be ignored as it rarely satisfies
the phase-matching condition required for the significant contribution.

From equation 2.16 and 2.18, we may have

Py (r,t) = gqey E(1, 1) (2.19)

where &, is the nonlinear contribution to the dielectric constant and is defined by

3
EnL = ZX;xxxlE(r: t)lz (220)

The Helmholtz equation in the frequency domain from equation (2.13) is rewritten as
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V2E + n?(w)k2E=0. (2.21)

This equation can be solved by using the method of separation of variables. Assuming that
the solution is of the form

E(r,p) = F)A(z,w — w,)e™?ebo? (2.22)

where (r, @, z) are the cylindrical coordinates, A(z, w) is the amplitude of the slowly
varying field along z direction, S, is the propagation constant and F(r) is the transverse
distribution of the field which remains same for both polarization components.
Substituting equation (2.22) in equation (2.21), we obtain following two equations.

0°F 10F P, m?
S (KEn? = - — ) F =0

or? ror (2.23)
024 A . .-

These equations can be further simplified in a similar way as done in section (2.3) to obtain
eigenvalue equations, solution of which gives the value of . Including the first order
perturbation, 5 can be expresses as

f(w) = B(w) + AB(w) (2.25)

where, an expression for A (w) is defined by the first order perturbation theory as

nk2 [[ 17 An(w)IF(x,y)|>dxdy

AB(w) = B | [ PGy Pdxdy (2.26)
where,
la
An(w) = n,|E|* + 2k, (2.27)

with n, being the nonlinear coefficient, a being the absorption coefficient (loss) and k, =
% is the wave vector. Using equations (2.26) and (2.27) in equation (2.25), we get

i
AB(@) = yIA? + (2.28)

where, y is the nonlinear coefficient of the optical fiber defined by
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nzko
Agsy (2.29)

’}/ =
and the A,¢ is the effective mode area given by

U SZIFG ) Pdxdy)”

= 2.30
ST F ()l dxdy (230

Since A(z, w) is considered to be slowly varying field along z direction, the first term on
the LHS of equation (2.24) can be ignored. Approximating 2 — 8, as 28,(8 — 8,) and
using equation (2.25) in equation (2.24), we get

94 7
5, = UB(@) + AB(w) = fo] A (2.31)

This equation can be transformed back to the time domain by taking the inverse Fourier
transform to obtain the propagation constant for the slowly varying field. The frequency
dependence of B(w) and AB(w) can be approximated by expanding them using Taylor
series expansion around the carrier frequency w,.

1
Bw) = fo + (& = wo)fy +5 (@ = w,)*fy + -+ (2.32)

1
AB(@) = A, + (@ = 0o)AB; +5 (@ = o) AP, + - (2.33)

where, B, = B(w,) and higher orders are defined by p,, = (ﬂ) 0B, and AB,,

do™
can be defined in the similar way.
Equation (2.31) can be transformed to time domain by taking the inverse Fourier transform
using

1 r® . ;
A(z,t) = E_[ Az, w — w,)e @@t qy, (2.34)

Therefore, we get
0A 0A i, 0%A (2.35)

oz TPt 7 G T 1hbeA

Substituting the value of Ag, from equation (2.28) in equation (2.35), we get
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04 L 52 +lﬂ2 +5 ZA=iylAP?A
5z TPiar Tt 9 ty (2.36)

If we neglect the absorption loss coefficient, then the above equation takes the usual form
of nonlinear Schrodinger equation which governs the propagation of a pulse in a nonlinear
dispersive fiber. The higher order effects in both linear and nonlinear phenomena are
ignored. The effects of stimulated inelastic scattering such as stimulated Raman scattering
(SRS) and stimulated Brillouin scattering (SBS) are not included in above equation (2.36).
However, above equation can be modified to include them depending on the experimental
conditions.

2.3 Optical modes of cylindrical fiber

An optical fiber is a long cylindrical dielectric waveguide. For a light passing through such
waveguide, we may represent the electric field and the magnetic field as

E = E,e'@t=B2) and H = H, e'(@t=F2), (2.41)
In cylindrical coordinate system, the Helmholtz equation in (2.13) can be written as

0°F  10E 1 02E+62E+ 2 2B — 0,
ar? raor r?de? 0z " B (2.42)

. . R 2T -
where, E is the electric field vector and k, = % = 7" is a wave vector.

We are interested in the solutions that take the form of wave traveling in z direction with a
propagation constant 8. To find the solution of equation (2.42) for the axial component of
the field, we apply the method of separation of variable of the form [8]

E,(r,p) = A(w)R(r)e mPe~ibz, (2.43)
We then get,
0’R 10R K2n? — g2 m? R=0
oz Ty T ke B m oz JR= (2.44)

where, m is an integer and n = n, for r < a (a being fiber radius) and n = n, forr > a.
For a guided wave in a fiber, the propagation constant of each transverse mode must satisfy

kon, < f <k,ng (2.45)
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Equation (2.44) is the second order differential equation whose solutions are the Bessel’s
function. The general solutions look like

R(r) = CJ,, (%) + DY, (%) for r<a

wr

=FK,, (7) +GI, (%r) for r>a (2.46)

where, J,, (%) Y,, (%) are the Bessel function of 1%t and 2" kind and I,,, (%) K, (ﬂ)

a
1
are the modified Bessel’s function of 1%t and 2" kind respectively. u = a(k?n? — p?)z is
1
the and w = a(B? — k2n?)z.
In the core region of step index fiber, the solution is J,, (%) (gradually damped oscillatory

function w.r.t. ). ¥, (%) vanishes as £—> 0 (shown in fig. 2.3 (a)). The field decays

exponentially outside the core. In the cladding region, the solution is K, (%) (modified
W_T‘
a

function decays exponentially w.r.t. r). I,,, ( ) vanishes as£ — oo (shown in fig. 2.3 (b)).

@

—K
—K

05F

Jm(r/a)
o
/

-0.5

Fig. 2.3. Plots of first three orders of Bessel functions of (a) first and (b) modified second

kinds.
Therefore,
ur
(—), r<a. (core)
R(r) « v%r

K, (7), r>a (cladding) (2.47)
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Plugging the value of R(r) from equation (2.47) in equation (2.43), we get
E,(r,¢) = Ay (w)],, (%) e"mee=if7 forr<a
E,(r,p) = A,(w)K,, ( ) ~imee=iBz forr > a. (2.48)
The expressions for the azimuthal solutions of electric field are
E,(r,¢) = B1(w)/n (g) sinme forr<a
E,(r,¢) = By(w)Kp, (%r) sinme forr > a. (2.49)
The equations for magnetic field component H, and H,, can be similarly found.
H,(r,¢) = C;(w)], (g) e mPe=iBz forr <a
H,(r,9) = C,(w)K,, (W;r) e~ MmPe=h7 forr>q
Hy,(r,¢) = D (W) (%) sinme forr<a
Hy,(r, ) = Dy(w)Kp, (%) sinmg forr > a (2.50)

The fields are continuous at the boundary between core and cladding, so applying the
boundary conditions at the core-cladding interface,

laddi . laddi
Ezcorelr—a — Ezca lngl _ nZEcorelr .= %Ezca ing _ (2 51)
core __ pcladding i .
Efp | - qu | =g

r=a

We arrive at

]r,n(u) Kn(w) ][n% ]m(u) Kin(w)
Wy (1) WKm(W) N3 Wi (W) WKm(W)

( 4 )n11+1
=m 2w\ et (2.52)
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This eigenvalue equation can be utilized to understand and analyze the guided mode profile
in an optical fiber. For known values of fiber parameters, above equation can be solved to
determine the propagation constant . Corresponding to each value of m, there are multiple
solutions for optical modes in fiber. The supported modes in the fiber are hybrid modes
denoted by HE,,,, and EH,,, for which m > 1. The modes with strong electric field are
EH modes and with strong magnetic fields are HE modes. In the special case of m = 0 for
which modes become radially symmetric, HE,,, and EH,,, are also denoted as TE,,, and
TM,,, respectively.

In a weakly guiding approximation, we may assume n? ~ nZ ~ n?. The above equation
reduces to the form

Jn ) | Kn(w) im(Leh)

W, W) wK,w)| uz + w2

(2.53)

For HE modes, use —m while for EH modes, use +m. For TM or TE modes for which
m = 0, the eigen value equation is

Jm (W) N K (w)
ul,(w)  wk,(w) (2.54)

Customarily, the bracketed term in the RHS of the equation (2.53) is also written in terms
of dimensionless parameter V such that

u?+w?= V2 (2.55)

This V is alternatively defined in terms of fiber parameter as

_2rn 2 2
V= 7a ny —n; (2.56)

where A is the wavelength of the light.

Modes are practically defined in terms of linearly polarized (LP) modes which are actually
the combination of TE, TM, HE and EH modes. The following table shows the various
combinations of modes to obtain LP modes.
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Table 2.1: Some linearly polarized modes and their formation

Linearly Polarized Mode Combination of TE, TM, HE,
EH
LPy, HE, 4
LPy; HE,; + TEy; + TMy,
LP,, HE,,
LP;, HE,, + TEy, + TM,,
LPys HE;
LP;3 HE,3 + TEy; + TM;

2.4 Multicore photonic crystal fiber

Photonic crystal fiber (PCF) is different from conventional fiber in terms of micro-
structured cladding with air holes surrounding the core. The micro-structured cladding
influences the guidance properties of a fiber. It was first proposed in 1991 by P. Russel and
was commercially available in 1996 [38]. PCFs are composed of a periodic array of air
holes embedded in the glass (usually fused silica). They can have solid core or hollow core,
based on the mechanism for guiding light. The fiber with solid core confines light by total
internal reflection as the micro-structured cladding has lower index than the solid core.
Fibers with hollow core guides light based on a photonic bandgap created by the micro-
structured cladding. The size, shape and placement of air holes influence the propagation
of light through a PCF. This is because the electric field overlaps with the air holes
differently depending on the configuration. For example, increasing the nonlinearity
depends on a large electric field confined within the glass regions of the fiber. The amount
of pulse broadening due to dispersion depends on how the field is distributed between the
air and glass regions as well. Designing the PCF provides some additional control over the
fiber dispersion and nonlinearity compared with a solid fiber.

A multicore fiber (MCF) is an optical waveguide that has multiple cores in a common
cladding. The array of waveguide channels may be coupled or uncoupled to one another
depending on its design and uses. Uncoupled MCF works as a channel of multiple
waveguides to transfer the energy undistorted over a distance reducing space occupancy.
Coupled MCF has waveguide channels (cores) placed close to one another such that there
occurs transfer of energy from one core to another and can be sub-grouped into weakly
coupled and strongly coupled based on the distance of separation between cores. The
former has relatively large core-to-core separation to minimize the mode coupling while
the later has small core-to-core separation. One of the major advantages of MCF is the
output power from each of multicore fiber that can be summed up to obtain higher output
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power up to kilowatts which is not possible by conventional fiber. Use of MCF in laser
scales up the power which can be further raised by increasing the numbers of cores [39,
40]. It has also potential applications in the high temperature applications [41]. Fig 2.4 is
the cross section and the lengthwise view of a multicore fiber with solid cores formed by
missing air holes in cladding in a linear arrangement.

(a) ee o000 0 00
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Fig. 2.4. 3-core fiber with cores in linear configuration (a) cross-section view (b)
lengthwise view.

Fig. 2.5 is the Scanning electron microscope (SEM) images of a 3-core microstructure
fiber. We obtained the core-core separation, hole-hole separation (pitch) and core diameter
(‘equals 2 x pitch -airhole diameter) by analyzing these images using MS Paint software
however, there are some errors in measurement due to lack of exact point location. We
found that core-core separation = 4 x Pitch = 10.076 + 0.15 um. Figure 2.5 (b) reveals
that the cladding shape is hexagonal with air-holes arranged in triangular lattice. The fiber
has a linear arrangement of cores created by a defect (air-hole missing) in the cladding. A
detail of the specification of the fiber is tabulated as follows.

Fig. 2.5. SEM images of a 3-core fiber (a) a close-up of the liner arrangement of solid cores
(b) Hexagonal shape of the air-holes in triangular lattice configuration in the cladding region.



24

Table 2.2: Fiber specification

Fiber parameter Specification (um) Measured

Cladding diameter 130 £ 20 133+ 10

Coating diameter 260 + 20 248 + 20

Core diameter 3.9+0.2 4.084+0.3

Air-hole diameter 1.14+01 0.96+0.1
Hole-hole pitch 2.52 2.519 £0.03
Core separation 10.08 10.076 + 0.15

NA 0.19
ZDW 1060 nm

2.5 Modes in 3-core fiber

In a triple core fiber with cores in linear configuration as shown in figure 2.6, the mode
coupling occurs only between the adjacent waveguides as the field decays
exponentially outside the core region. The field from one of the side cores reaches
indirectly to another side cores though the direct coupling is neglected between them.
Figure 2.6 illustrates the mode coupling between cores in a triple core fiber. The modes
are determined using coupled mode theory.

L
—
\Core 3 "2 [
- < 3
— = n
‘ f

Fig. 2.6. Modes coupling between three waveguides.

In a couple mode theory, each core is treated as an independent waveguide with its own
unperturbed modes. and introducing a perturbation theory, each core can be considered as
perturbed by evanescent fields due to the coupling. So, B; = B, + k where j=1,2,3 refers
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to the core, 2 being the central core. The interaction between the modes of the three cores
can be described in the matrix form [42, 43] as

A _
where, A = [A; A, A5]T and
Bo kK O
M = [K Bo ;c]. (2.58)
0 kK Py

The above equation can be solved by diagonalizing the coupled matrix Q"*MQ = A where,

Br 0 0
A=(0 B, O ] (2.59)
0 0 ps

where B;(j = 1,2,3) are the propagation constants of the three super modes supported by
a triple-core fiber. The solutions are

By = Bo + V2k
B2= Bo
fa = o~ Ve 260

/\ /\ /\ Bo + V2K (even mode)
/\ /\ Bo (normal mode)

Bo — 2k (odd mode)

V Vv

Fig. 2.7. The fundamental modes in a 3-core fiber



CHAPTER 3

LINEAR PROPERTIES OF A TRIPLE CORE FIBER

For the last few decades, scientists and engineers have studied nonlinear optical phenomena
in photonic crystal fibers (PCFs) because of the ability to manipulate the core area and total
dispersion. The propagation of an optical pulse in a standard fiber has been thoroughly
investigated to study the effects of polarization, dispersion and Kerr nonlinearity [8]. Fibers
with a single core are extensively used in the telecommunication and industrial sectors [7,
44-46]. However, in recent years, with the demands of high speed and high capacity optical
systems, fibers with well-spaced multi-cores have emerged as the essential transmission
medium for optical pulses [33]. It has been shown that multicore fibers offer an advantage
of higher output compared with single core fiber with sharp switching characteristics and
greater sensitivity to the input state [47, 48]. Multicore fibers have potential applications
in spatial division multiplexing (SDM) technique by providing parallel channels for
individual signals and thus improving the system capacity [49]. Each of the generated
super-modes in multi-core fiber acts as one spatial channel. Linear optics in fiber relates to
the intensity-independent process. The optical transmission dynamics of the fiber are
affected by the linear and nonlinear effects associated with the fiber materials and pulse
parameters. In this chapter, we report on the linear properties of a 3-core micro-structure
fiber with the hexagonal matrix of air-filled holes for the wavelength ranging from 1 —
1.6 um and for the peak power ranging up to 1 kW. For the design and performance
analysis of triple core fibers, their responses to interacting co-propagating modes in three
cores must be well studied. Linear coupling in 3-core fiber is a periodic transfer of optical
power among cores. For a given length of a fiber, the pulse energy may be partially or fully
transferred to the neighboring cores before returning to the original core. Non-linear
properties of a fiber will be discussed in the next chapter.

3.1 Chromatic dispersion

Fiber dispersion is one of the important linear phenomena for the performance and
transmission capacity of an optical communication system. When a light pulse propagates

26
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in an optical fiber, it experiences dispersion due to the wavelength dependency of the
refractive index of the core material. As a result, waves of different frequencies propagate
at different speeds yielding the pulse broadening. The variation of the refractive index with
respect to frequency is approximated by the Sellmeier equation given by

- Z wf — a)2 (3.1)

where w; is the resonance frequency and B; is the strength of ji resonance. This equation
implies that the different spectral components propagating through a fiber will experience
different indices of refraction and travel at different speeds resulting in the temporal
broadening of the pulse [8]. In fact, the pulse envelope, centered at frequency w,,
propagates at the group velocity given by

Vg = (%);:wo (3.2)

where § = n©)® s the propagation constant of a mode. Mathematically, the effect of fiber

dispersion can be seen by a Taylor expansion of mode-propagation constant £ about a
central frequency w, such that

B(@) = Blwe) + (0 - w) L+ 2w - we)? 2L+ ... = B(wo) +

dw?

(w — wo)Py +%(a) — wo)* By + (3.3)

where, the dispersion coefficients are given by

(). .., o0

The first parameter S, is simply a reciprocal of the group velocity of the pulse g, = vg‘l

and S, is the group velocity dispersion (GVD) parameter which is an important factor for
the pulse broadening.

The dispersion of a fiber is sometimes also given by

52 (3.5)

27TC

The dispersion causes temporal broadening of the pulses propagating in a fiber leading to
the degradation of the output signal. The zero-dispersion wavelength (ZDW) for the silica
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fiber is at 1312 nm [7]. However, the higher order dispersion may persist at A = A, which
can significantly distort the ultrashort pulses. The minimum attenuation for silica fiber
occurs at 1550 nm [7]. The ZDW A, can be shifted in the vicinity of minimum loss
wavelength. Such fiber is known as dispersion shifted fiber. The ZDW can be shifted into
the visible regime by micro-structuring the fiber [50]. The interaction of dispersion with
the fiber nonlinearity may result in soliton formation, the undistorted wave along the fiber
length over a long distance [51]. The dominance of linear versus nonlinear effects during
pulse propagation through a fiber is determined by comparing the fiber’s physical length,
dispersion length and nonlinear length. The dispersion length and nonlinear length are
given by

L, = 3

P B, (3.6)
Lo = 1

NL ™ yP, (3.7)

where, To and P, are the time width and peak power of the input pulse respectively. For a
given fiber length, the pulse propagation in a fiber depends on the relative magnitude of Lp
and Lne.  The role of the fiber nonlinearity depends on the sign of the group velocity
dispersion parameter (f3,). If B, >0, it is called normal dispersion regime where
component with longer wavelength (red component) travels faster than the short
wavelength component (blue component). While the red shifted components of pulse travel
slower in anomalous dispersion regime if 5, < 0.

Chromatic dispersion consists of material and waveguide dispersions. Material dispersion
is caused by the wavelength dependence of the refractive index of the fiber core material
while the waveguide dispersion is caused by the dependence of the mode propagation
constant on the physical structure of fiber. It is one of the critical parameters that affects
the propagating pulses. There are various factors like fiber parameters, propagating modes,
medium, polarization states of modes, etc. that contribute to the dispersion.

Material dispersion is caused by the wavelength dependence of the refractive index of the
fiber. Except the vacuum, all media are dispersive in nature. An electromagnetic field
propagating through a medium is influenced by its dispersive behavior resulting the
distortion in the signals. However, it can be manipulated by changing the refractive index
profile. It is numerically calculated by taking the second derivative of the index of
refraction of the medium with respect to wavelength as given by

Ad?n

cdiz’ (3.8)
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The material dispersion of a triple core fiber under test is estimated over a wavelength
range 1-2 um using above equation (3.8) and is shown in figure (3.1). It increases with
increase in wavelength.

Waveguide dispersion is caused by the dependence of mode on the fiber geometry. It
depends on the normalized core-cladding index difference (A) given by equation (2.1a) and
the core size. A general expression to determine the waveguide dispersion can be written
as [46]

n,(D)A  d?(Vb)
D) = - Zcz =z (3.9)

where, b is the normalized propagation constant and is defined as

b= Nery — N5
n? — n? (3.10)

where, n, and n, are the refractive indices of core and cladding regions respectively.

Nerr = 'B/k is the effective refractive index of the guided mode. In an optical fiber, the

effective refractive index experienced by a guided mode is different from core and cladding
refractive indices. B and k are the propagation constant and the wave vector.

The geometrical term in equation (3.9) can be approximated as

d*(Vb)

y —2 =
avz

2
0.08 + 0.549(2.834 — V)~. (3.11)

Equation (3.9) can be then expressed as

n,(A)A

D) = - cA

[0.08 + 0.549(2.834 — V)?].

(3.12)

Waveguide dispersion is negative in the entire wavelength range of 1-2 um and increases
with the increase in wavelength. It reduces the value of material dispersion above the zero-
dispersion wavelength. It is possible to design the fiber in such a way that the zero-
dispersion wavelength can be shifted in the vicinity of operating wavelength. The
waveguide dispersion of a triple core fiber is estimated by plotting above equation (3.12)
and is shown in figure (3.1). Figure (3.1) is the plot of total dispersion along with the
individual material and waveguide dispersion of the triple core fiber under test. It is
estimated that the fiber has a total dispersion of approx. 38 ps/nm-km and 1.7 ps/nm-km at
a wavelength of 1.30 um and 1.064 um respectively with the zero-dispersion wavelength
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at approx. 1.053 um. Higher order dispersion coefficients f,, for m > 2 are important for
ultrashort pulses and can be neglected for picosecond pulses.
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Figure 3.1. Total dispersion of a triple core fiber. Total dispersion is the sum of material
and waveguide dispersions. It indicates that the fiber has a zero-dispersion wavelength at
approx. 1053 nm below which is the normal regime with negative dispersion value and
above which is the anomalous dispersion regime.

3.1.1 Numerical Aperture Measurement

We measured the numerical aperture using a knife edge method. The beam emerging out
of the fiber was focused by a lens and was progressively covered by a knife edge (blade)
along the position of the waist and transmitted powers were measured for 80%-20%
intensity method. We assume that the input pulse is Gaussian, and its shape profile does
not change as it propagates through the fiber. The numerical aperture is determined using
NA = n sin@ where n =1 for air and 6 is the beam divergence angle and is given by

M n

0 =
w,

(3.13)

where, w, is the beam waist radius at which the intensity is 1/e2 times the maximum value.
The value of w, is determined from the relation
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w(z) =w, /1 + <n7ifvz) (3.14)

where, w(z) is the position dependent beam radius which is determined experimentally at
different distances along propagation (z) as shown in table 3.1. The evolution of the beam
radius as a function of propagation distance is plotted in figure (3.2). The straight line
(black) is the linear fit to the data points.

Table 3.1: Measurement of beam radius and calculation of NA

Z-position AX w(z) z w, NA
18 0.155 0.18414 0.983 0.001808 0.186
175 0.24 0.28512 1.483 0.001762 0.191
17 0.315 0.37422 1.983 0.001795 0.188
16 0.515 0.61182 2.983 0.001651 0.20
15 0.63 0.74844 3.983 0.001802 0.187
10 1.395 1.65726 8.983 0.001836 0.183
9 1.569 1.863972 9.983 0.001814 0.186
8 1.72 2.04336 10.983 0.00182 0.185
20l | | | | | |

O Experiment NA =0.19
— fit line
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Fig. 3.2. Plot of the beam radius as a function of propagating distance.
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We calculated the numerical aperture of the fiber to be 0.19 at a wavelength of 1064 nm.
The V-number is then calculated using equation (2.1b) to be 2.19 at the wavelength of
interest 1064 nm. The fiber supports single mode along all cores.

3.1.2 Dispersion measurement

To measure the dispersion of the fiber, we employed the time-of-flight method. We launch
a ~200 fs pulse from a tunable optical parametric oscillator (OPO) pumped by a mode-
locked Ti-Sapphire laser as a wavelength-tunable source and record the variation in pulse
arrival time as a function of wavelength using a 40 GHz oscilloscope as shown in Fig. 3.3,
the schematic of dispersion measurement setup. The absolute propagation time cannot be
determined from these measurements, but we can obtain the dispersion parameter, D, from
the slope of those measurements.

pp L2 FUT 1 M2

P1
1 [:] NU“I[ D % Ti_Sapphire

SM-128 QPO laser

Fast detector
] — ==
nalyzer i

Fig. 3.3. Set up for the measurement of the fiber dispersion. Two mirrors M1 and M2 are
used for better light coupling into fiber.

To measure the time delay of the pulses propagating through a 3-core fiber under test
(FUT), pulses are detected by the fast detector transmitted by a patch cord (SM-128) and
are then recorded by 40 GHz sampling oscilloscope. In the diagram, P1 and P2 are the
measurement positions without and with fiber under test respectively. Due to the dispersion
of the fiber and patch chord, the spectral peaks for the different wavelengths are located at
the different positions. We record each spectral peak location in the oscilloscope trace for
different wavelengths. The dispersion is calculated by the delay-wavelength differential

relation
dr\ /1
b= (d_/Tl) (Z) (3.15)
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where, L is the length of the fiber. Measurement at P1 corresponds to the dispersion
measurement due to the patch chord and measurement at P2 corresponds to the dispersion
measurement due to both patch chord and the fiber under test. The dispersion only due to
fiber is then calculated by subtracting the measurements at P1 from P2. Time delay
measurements are performed over a wide range of wavelengths. Figure 3.4 are the two data
graphs which can be used to calculate the dispersion of the patch cord. Here, A1 =
19.5 nm; At = 1.2 ps and therefore,

0 = (53) (303) = 2051 - o) @19

For a wavelength 1.55 um, we found the average dispersion of the patch chord is 20.50
ps/nm-km which is very close to the specified value of 20 ps/nm-km.

20.0 ps/div T 31.3143 ns 20.0 ps/div 31.3143 ns

1 10.0 mU/div

10,0 mU/div 0.0 U

Fig 3.4. Oscilloscope traces for the measurement of time delay of the pulses at two
different wavelengths.

To measure the dispersion of the triple core fiber, we measured the time delay of the pulses
through each of the individual cores. Group velocity dispersion (GVD) measurements over
a wavelength range from 1064 nm-1600 nm are shown in figure 3.5(a-b). We determined
the dispersion of the 3-core fiber to be D = 36 + 5 ps/nm-km at a wavelength of 1.55 um
regardless of which core is initially excited. However, the measured value may not be
precisely accurate as it is difficult to accurately determine the pulse peak arrival time as
TOF method needs a long piece of fiber to have significant difference in arrival time of
pulses at different wavelengths. Figure 3.5(b) is a composite of time-of-flight
measurements revealing a change from normal to anomalous group velocity dispersion in
the vicinity of 1064 nm. The spectral gaps in the data of Fig. 3.5(b) are due to the fact that
atmospheric absorption in those wavelength bands destabilizes our source. The GVD
measurements presented in Fig. 3.5 indicate that we should be able to obtain phase-matched
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parametric gain over a range of wavelengths near zero dispersion wavelength (~1064 nm)
while the energy is distributed among the fiber cores.
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Fig. 3.5. (a) Time delay measurement for individual core of 3-core fiber and (b) for one of
the side cores over a large range of wavelengths. The inset is the plot of the dispersion of
the fiber at different wavelengths showing that the fiber has a zero-dispersion wavelength
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at 1060 + 20 nm. The fiber has a maximum dispersion of 43 + 10 ps/nm/km at 1310 + 20
nm.

The dominance of linear vs. nonlinear effects during pulse propagation through a fiber is

2
determined by comparing the fiber’s physical length, L, dispersion length, L, = % =
2
2
%I%OI’ and nonlinear length, Ly, = yip, where T, is the input pulse duration, A is the

wavelength, and B, or D quantifies the group velocity dispersion. The value of D is
2.70—"— and 36—-— at wavelength 1.064 ym and 1.55 um respectively. For our

nmkm nmkm

pulses of 1 =1.064 um and T, = 8 ps, the dispersion length is 8 + 1 km, and so
dispersive pulse broadening plays a negligible role at a wavelength of 1.064 um as the
optical fiber we used for our measurements has a maximum length of 52 m. While, for our
pulses of A = 1550 nm and T, = 0.2 ps, the dispersion length of this fiber is 1.0 + 0.1 m
and both GVD and nonlinear effect can be seen on the pulse propagation.

3.2 Coupling between waveguides

One of the attractive linear phenomena is that the evanescent fields couple between the
adjacent cores in a multicore fiber. The mode coupling allows the light energy to be
transferred between the cores back and forth periodically. The coupling mechanism can be
utilized to realize the novel applications like reducing nonlinearity impairment [52] and
reducing group delay between modes [3,4] to improve the system performance. At the same
time, the modes in different cores might have different group velocities giving rise to
intermodal dispersion which may distort the evanescent fields while coupling back and
forth between cores degrading the pulse shaping and output signals. It can break up the
ultrashort pulses and thus degrades the switching characteristics [7,8]. Moreover, linear
mode coupling may also be caused by the fiber imperfection which is avoidable during the
fiber fabrication by choosing proper fiber design. But the mode coupling due to the
presence of other channels in coupled multicore fiber is unavoidable. It is, therefore,
important to establish an understanding of fundamentals and their impacts on the mode
characteristics before practical implementation of fiber.

3.2.1 Mode Coupling in 3-core fiber

There occurs coupling of modes in different waveguides if they are placed close to each
other. We conducted tests with short (35 cm), medium (5 m) and long (52 m) pieces of a
triple core PCF and found coupling of light between adjacent waveguides for the long PCF.
This helps to determine the coupling length, one of the important characteristic parameters
of the coupled system. It is the shortest length for which the maximum power transfer
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occurs between cores. For a fiber with three non-identical cores distributed linearly in the
cladding region, the coupling length is given by

T
Lc= ————
2%, + K2, (3.17)

when light is incident at central core and is observed to be wavelength dependent, where
k., and k5 are the coupling coefficients between cores 1-2 and 2-3 respectively. Fig. 3.6
(a, d) shows the microstructure and linear 3-core configuration for the fiber under test. We
observe, however that the coupling coefficients between the central core and each of the
side cores (as depicted in Fig. 3.6(d)) are not equivalent, x,, # k,3. We measured the
core-to-core coupling by launching 8-ps pulses from a 1064-nm laser into a single side core
(not the center) and viewing the output using a CCD camera. In Fig. 3.6 (b), the laser energy
is distributed among the 3 cores in a manner consistent with propagation over a distance
greater than the fiber’s coupling length, L., for 1064 nm. In this case the energy is roughly
equally distributed among the three cores regardless of the core into which the light was
initially launched. The mode shape emerging from each core is robust to movements and
bending of the fiber although the energy in each core does vary slightly. Measurements of
the core-to-core coupling using a 200 fs-pulsed, 1550 nm laser exhibit the similar stability
and coupling behavior. Measurements on a 35-cm long fiber (Fig. 3.6(c)) show that its
physical length is less than L.. The mode shape and relative intensity emerging from each
core are robust to movements of the fiber and independent of the launched power. From
these measurements we estimate L. =20m at 1064 nm, and 10 cm at 1550 nm.
Observations of the coupling between cores for fiber lengths of 35 cm, 4.9 m, and 47 m are
consistent with Lc = 20 m at 1064 nm. A 5X microscope objective is used to image the

end-face of the fiber on an IR camera to measure the intensity profile from each core. The
camera is connected to the lab computer for image display. The instrumentation is
controlled using LabVIEW®. Data analysis and simulations are done using MATLAB®
2017.
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Fig. 3.6. (a) The cross-section of the fiber with 3-cores of diameter 3.90 pm in linear
configuration arranged in a triangular lattice of air holes with a diameter of 1.08 um. The
hole to hole spacing (A) is 2.52 wm and the distance of separation between the cores is 4 A.
(b) Intensity distribution for a long (52 m) piece where coupling among the cores is evident.
(c) Intensity distribution for a short (35 cm) piece of fiber illuminated with 1064 nm light
from an 8-ps pulsed laser. (d) A general structure of a 3-core fiber showing different
coupling coefficients between cores 1-2 and 2-3.

3.2.2 Mode coupling as a function of low power

PD

Fig.3.7. Experimental setup for the power measurement from individual cores. A
combination of wave plate and beam splitting cube works as an attenuator that controls
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amount of light at the fiber input end. The light beam is coupled in and out of fiber using
lenses.

To investigate the mode coupling at the low power excitation (linear approximation), a CW
beam from a tunable diode laser (DL Pro of Toptica) at a wavelength of 1064 nm is
collimated and is focused onto the fiber under test using an objective lens that yields the
beam spot size approximately equal to the core size. Laser light is launched into one of the
cores by careful alignment of a 3-axis translation stage and the outputs from each core are
characterized. The output from each core can be observed with a CCD camera (see Fig.
3.6(b)) or individually selected using a standard single-mode fiber (detecting fiber) aligned
with a single core for power or spectral measurements. A combination of half wave plate
and beam splitting cube is introduced in front of the fiber end to control the power of the
input beam. The beam emerging out from the detecting fiber is then connected to optical
spectrum analyzer (OSA) using a power detecting sensor.

When low power light is launched into one of the side cores (Fig. 3.8(a)), we observe that
more than 60% of the power emerges from a side core, most likely the same core into which
the light was launched. About 30% of the energy is coupled to the center core and less than
10% emerges from the remaining side core. Launching light in another side core yields
more than 75% of the energy from the same core and remaining energy couples to other
cores indicating that the coupling coefficients between the central core and each of the side
cores are not equivalent. Whereas, exciting the central core yields only about 40% of the
energy from that core and almost 40% of light is coupled to one of the side cores while
almost half from another side core indicating that the coupling of central core with the side
cores are not equivalent as shown in Fig. 3.8(b). The relative output power across each core
remains constant and does not change with the input power. This suggests that low power
has no effect in mode coupling and coupling happens only with the adjacent core. However,
uncertainties arise because experimental measurements were manually done. The other
important sources of error may be bad fiber cleave and bad coupling. To minimize the error
in measurement, we well-tested the fiber cleave at both ends and automated the
measurement system for the intermediate and high-power measurements which is
discussed in chapter 4.
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Fig. 3.8. Measurement of the relative output power across each core at low power when
light is launched in (a) side core (b) central core (c) another side core.

3.2.3 Mode coupling as a function of wavelength

Measurements on figure 3.9 (a-c) were performed to establish the relation of mode
coupling with the change in wavelength at low power. We excited different cores and
scanned the total output power as a function of wavelength over a span of 20 nm centered
at 1060 nm. The input power was kept constant at 16 mW from a CW tunable laser. The
wavelength was tuned using an optical spectrum analyzer and the output power was
recorded using power detector as in Fig. 3.7. The coupling of the light in a fiber is affected
by the change in the wavelength as shown in Fig. 3.9(b) in which the light is launched in
the central core and output measured from each core. It also shows that the effect of the
change in wavelength on the adjacent core coupling is different for core 1-2 and for core
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2-3 revealing that the coupling coefficient value for core 1-2 and core 2-3 configurations
is different. Fig. 3.9 also verifies the measurements made in Fig. 3.8 for the low power in
which for a wavelength of 1064 nm, excitation of one of the side core (core 1) yields
approx. 65% of the light emergence while another side core (core 3) excitation yields
almost 80% of total light and central core excitation yields almost 45% of the light. It also
shows that the effect of the change in wavelength on the adjacent core coupling is different
for core 1-2 and for core 2-3 revealing that the coupling coefficient value for core 1-2 and
core 2-3 configurations are different.
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Fig. 3.9. Normalized output power measurement as a function of wavelength across each

core when each core is individually excited.

The figure 3.10 is the total power measurement at the fiber output end when each of the
cores is individually excited. Here the total power implies the sum of the power measured
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out of all cores. Figure 3.10(a-b) both reveal that the output power is the wavelength
dependent. In 3.10(a), output power measurement as a function of wavelength is compared
to the input power of the laser source measured at different wavelength emission. At a
wavelength of 1064 nm, it does not make much difference in total output power when
measurement is made at any core as shown in figure 3.10(b). However, exciting each core
might provide different total output power at other wavelengths as shown in figure 3.10(b).
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Fig. 3.10: Total output power measurement as a function of wavelength when individual
core is excited. (a) Power measurement at the fiber output end showing the nature of
sinusoidal wave compared to the nature of laser source emission at different wavelength.
(b) Total output power measurement when each core is excited showing how coupling is
affected with the wavelength. It shows that for a wavelength 1064 nm, the output power
emerging out of each core remains almost same, however, for other wavelength around it,
coupling seems to be changing.

3.2.4 Mode coupling as a function of polarization

In an optical fiber, the light travels in the form of modes. There is always presence of inter-
modal coupling in a coupled multicore fiber. The wavelength-dependent nature of
refractive index might also affect the inter-modal coupling when light propagates through
the fiber. To investigate the effect of polarization on the mode coupling, we launch 8-ps
pulses from a mode-locked laser (Time bandwidth Nd-Vanadate) at a wavelength of 1064
nm into 2" core of a 5-m long 3-core fiber. We placed a combination of HWP and PBS
cube after the isolator at the input end and a HWP was inserted just in front of fiber input.
The rotation of HWP changes the polarization of the input light. In Fig. 3.11(a), we observe
that the power emerging out of each core changes with the rotation of HWP at the fiber
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input end. It also indicates that the change is different for the different cores with different
amount of power.
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Fig. 3.11. Measurement of polarization dependance of mode-coupling in a fiber. (a)
Change in the output power in each core as a function of half-wave plate angle when a
constant input light was launched into core 2. (b) Total output power measurement at the
fiber output end as a function of HWP angle at different input power.

In Fig. 3.11(b), we measured the total output power at the fiber end with respect to change
in polarizing angle at different input power. We observe that the change in output power is
more at higher input power. There might be some other factors like fiber nonlinearity which
might be dominant at higher power affecting the mode coupling. We present polarization-
dependent of the mode coupling in a 3-core microstructure fiber.

3.3 Coupling coefficient and coupling length

There occurs a periodic transfer of optical power among cores due to the overlap of
evanescent fields in each core in a coupled multicore fiber. For a given length of fiber, the
pulse energy may be partially or fully transferred to the neighboring cores and finally, come
back to its original core. The overlap of the evanescent fields in the core is referred as the
coupling coefficient. It depends on the area of overlap of the individual core modes. Small
mode overlap leads a small coupling coefficient and vice-versa. It also varies along the
length of fiber due to imperfections in the fiber, which we neglect assuming that the degree
of imperfection is very low. For the linear characteristics, we assume the propagation in a
low intensity field. The coupling coefficient depends mainly on the fiber parameters and
the operating wavelength. The coupling length, the fiber length for which the transfer of
energy from one core to another occurs completely, depends on the coupling coefficient
given by re-writing from equation 3.17 assuming identical coupling coefficient as
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L, = % for bi-coupler (3.18)
T H H 1
L, = 57 foridentical tri-coupler (3.19)

where, k is the coupling coefficient between cores in a bi-coupler or tri-coupler. For a fiber
with triple cores in a linear configuration, when light is launched into a side core, the
coupling length is given by equation (3.18) and when the light is launched into the central
core, itis given by equation (3.19). These indicate that the coupling lengths for central core
is slightly shorter than for the side-cores. As a result, the central core has slightly higher
coupling coefficient than the side cores. This may have adverse effect on the pulse
propagation in a multicore fiber. However, the possible distortions which may be caused
by the coupling effects in multicore fiber can be reduced by considering appropriate fiber
parameter during its fabrication and suitable dispersion compensation in fiber.

The coupling coefficient in a step-index single mode fiber can be estimated using empirical
expression as mentioned in [53, 54],

%4 - -
K= 7T—exp[—(Al + Ayd + A3d?)]

2kynr? (3.20)

where, k, = 27" is the wave vector, A; =5.2789 —3.663V + 0.3841V?%;, A, =
—0.7769 + 1.2252V — 0.012V?%; A; = —0.0175 — 0.0064V — 0.0009V?; d = % IS
normalized distance for d being the distance of separation of two cores, r is the core radius
and V=kor\/n? — nZ is normalized frequency (V-number).

Furthermore, the coupling coefficient can also be measured as the overlap of modes in two
adjacent cores as we determined in chapter (2). It is given by [54]

u? Ko WTd
K =V28 - fola) (3.21)

avd Kiw) -’

u is the solution of the following characteristics equation which is solved in chapter 2.

u/; (u) _ wK; (w)
Jow) — Ko(w) (3.22)

where, J, and J, are the zero and first order of Bessel function of the second kind and
Kyand K; are zero and first order of modified Bessel functions of second kind. These
equations cannot be solved analytically so we used numerical approach to calculate the
coupling coefficient. We used Sellmeier equation (3.1) to determine the refractive index of
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the background material, which is wavelength dependent. The accuracy of the coupling
coefficient calculation depends on the refractive index profile and the core size.

We estimated the coupling coefficient of the fiber by solving optical modes in step-index
fiber using equation (3.21) and the empirical relation (3.20) and their plots are shown in
figure 3.12. The discrepancies in the two calculations will be less than 1% if the values of
Vand dlieat 1.5 <V <2.5and 2.0 <d < 4.5. In Fig. 3.12, we see a big difference in
calculation of coupling coefficient which is due to the fact that we choose the V > 2.5 and

d = 5.17 for our fiber and therefore, the empirical relation underestimates the value of
coupling coefficient of the optical fiber.

102

—e—theoretical calculation
—e— emperical relation calculation

Coupling coeff(/m)

0.8 1 1.2 1.4 1.6
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Fig. 3.12. Numerical calculation of the coupling coefficient value using the theoretical
approach (black) and empirical relationship (red) in equations 3.21 and 3.20 respectively.
The empirical relation for the determination of coupling coefficient underestimates the
value compared to the theoretical approach.

The graph reveals that the fiber has a coupling coefficient of around 0.058/m that
corresponds to the coupling length of 20 m at the operating wavelength of 1064 nm. The
coupling coefficient increases with the increase in the wavelength. Depending on its use in
parametric devices where we need weak or strong coupling, we can always use different
operating wavelengths for which coupling is weak or strong. Moreover, mode coupling
depends on the distance of separation between cores. Closer the cores are, more the
coupling coefficient is. So, the desired gain can also be achievable by fixing core’s distance
with the same air filling fraction during its fabrication.
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Fig. 3.13. Numerical calculation of the coupling length for side-core and central-core of a
3-core optical fiber using the theoretical approach of mode solution in an optical fiber.

Figure 3.13 is the plot of equations 3.18 (black) and 3.19 (red) for side-core and central
core of a 3-core fiber. The coupling length for the central core is comparatively less than
that of side core as the modes in central core are coupled to both side cores while in case
of side core, it is only coupled to the adjacent core (central core). The coupling length is
approximately 20 m and 29 m for central core and side cores at a wavelength of 1064 nm
respectively.

3.4 Coupling induced dispersion

Besides the chromatic dispersion, a coupled-multicore fiber may have significant
dispersion arose due to the time delay of modes of different cores via the evanescent fields.
In a coupled multi-core fiber, the neighboring cores are sufficiently close for the overlap
of evanescent field of each core. This leads to the power transfer between the modes of
cores and its neighbor periodically. In the triple core fiber of interest, we consider the
overlap of wavefunctions between only the nearest neighbor cores. The overlap of the pulse
in cores is defined in terms of coupling coefficient and is considered frequency dependent.
Its expansion using Taylor series is

1
k(@) = Ko + (0 = wo)ky + 5 (0 = wo)aey + -+ (3.23)
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where, k; = ﬁ is first order coupling coefficient dispersion term and we neglect 2" or

higher order effects as they are very small compared with the first order coupling term. As
a fact, the pulse gets broadened due to coupling induced dispersion. Figure 3.14 is the plot
of the coupling coefficient induced dispersion as a function of wavelength. It increases with
the wavelength. The coupling coefficient dispersion degrades the transfer of energy among
cores. The fiber does not have significant amount of coupling induced dispersion for the
wavelength around 1.06 um but, it can be significant for the longer wavelength. However,
this can be minimized by choosing appropriate fiber parameters or V-number where mode
delay due to coupling disappears. These results can be useful for the design and fabrication
of a multicore fibers for directional couplers or other purposes.

Coupling coeff dispersion(ps/m)

1 1.1 1.2 1.3 1.4 1.5 1.6
wavelength(um)

Fig. 3.14. Numerical calculation of the coupling coefficient induced dispersion.

3.5 Summary

In this chapter, we described our experimental works performed to characterize the
dispersive and nonlinear properties of a triple core micro-structured fiber along with the
necessary fundamentals required to understand our work. We determined the group
velocity dispersion over a wavelength range from 1064 nm - 1600 nm and found that the
zero-dispersion wavelength lies close to 1060 nm. We use a time-of-flight technique
wherein we launch ~200 fs pulses from a tunable optical parametric oscillator and record
the variation in pulse arrival time as a function of wavelength using a 40 GHz sampling
oscilloscope. We investigated the coupling characteristics of a 3-core fiber in a linear
approximation using CW beam. We also observed the mode coupling at low power and
found that mode coupling is not affected by low powered light. We observed that the core-
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to-core coupling coefficients between the central core and each of the side cores are not
equivalent (x;, # k,3). We noticed that the coupling is wavelength-dependent leading to
intermodal dispersion which is not studied here. The broadening is more for the side core
excitation compared to the central core excitation for the same input power. This is due to
the mode coupling of the central core with the two side cores. We then determined the
dispersion length (8 + 1 km) for our pulses of A = 1.064 um and T, = 8 ps, and so
dispersive pulse broadening plays a negligible role here. To understand the mode coupling
better, we also investigated the core-to-core coupling as a function of polarization and
found that the coupling varies by about 50% as a function of the polarization of the
launched light. In our linearly aligned 3-core fiber, we found that the coupling coefficients
were not equal, but microstructure fibers provide large design space. For example, one can
fine tune the core-to-core spacing to achieve balanced coupling or change the design to
introduce more coupled cores. We also numerically calculated the coupling induced
dispersion to investigate its effect and pulse broadening and we found that for a wavelength
of 1.064 um, it has negligible effect while for the wavelength of 1.3 um or higher, it may
have significant effect on the pulse broadening. Studying the limitations and opportunities
offered by the fiber linearity and nonlinearity help in optimizing fiber parameters during
its fabrication to extract maximum possible gain from a system. We anticipate that our
findings help to mitigate the linear and nonlinear effects while implementing a multicore
fiber for practical use.



CHAPTER 4

NONLINEAR PROPERTIES OF A TRIPLE CORE FIBER

Non-linear optics in fiber correspond to intensity-dependent processes. A third order
nonlinear process is always associated with a fiber. The nonlinear response of the fiber is
important as it may influence the shape and propagation of a pulse [55, 56]. With the
change in the intensity of light, there arises a modulation in the refractive index of the
material of the fiber. This is referred as Kerr’s effect. This gives rise to the nonlinear effects
like self-phase modulation (SPM) (pulse changes its own phase), cross phase modulation
(XPM) (a pulse affects the phase of other pulses) and four wave mixing (pulses with
different frequencies interact to produce a new frequency). The nonlinear behavior also
arises due to the interaction of a pulse with phonons (acoustic or molecular vibration) in
the fiber such as stimulated Brillouin scattering (SBS) and stimulated Raman scattering
(SRS). These nonlinearities may affect the pulse shape, decrease signal to noise ratio
(SNR), increase crosstalk between channels etc. On the other hand, they can be used for
switching, wavelength conversion, amplification of signals, etc. Generation of optical
solitons makes transmission of optical pulses possible over a large distance without
degradation. Studying the limitations and opportunities offered by the fiber linearity and
nonlinearity helps in optimizing fiber parameters during fabrication to extract maximum
possible gain from a system. The linear optics in the fiber has been discussed in detail in
chapter 3. In this chapter, we study the origin of the fiber nonlinearity and its effect in the
pulse propagation. We also analyze the effect of the fiber nonlinearity on the output
spectrum and determine the nonlinear parameter of a triple core fiber.

4.1 Origin of nonlinear effects

The non-linear effect that we are concerned with in the fiber is the Kerr non-linearity which
is the intensity dependence of the refractive index. The refractive index, in general, can be
written as n(w,I) = n;(w) + n, I where n;(w) is the linear part which is the largest
component, and n,,; is the non-linear index coefficient. The non-linear response is related
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to the anharmonic motion of bound electrons under the influence of an applied field. The
total polarization P induced by electric dipoles satisfies the relation [8]

P =¢y(x*.E + x*:EE + x° : EEE + ) (4.1)
where, E is the electric field and g, is the permittivity of free space. For an isotropic

medium, P is always in the direction of E. Assuming E = E cos(wt — kz), and neglecting
the effect of y?2 for fiber, we obtain

3
P = gox'E, cos(wt — kz) + Zso)(?’Eg cos(wt — kz)

1
+ —eq¥3E3 cos 3(wt — k2).
4 oX Lo ( ) (4.2)

Higher orders are neglected. 3 term in equation (4.2) can also be neglected because of
phase lack between frequencies w and 3w. Defining the intensity of the light in the form

I = ECSOnlEg, (43)

we get the polarization to be

3 53 4.4
P = gy E, cos(wt — kz) + 5 X 1E, cos(wt — kz). (4.4)

ceeNy

Therefore, effective susceptibility and effective refractive index can be written as

P L3 x3 (4.5)

Xeff=£0—E—X +

2cegny

1 (4.6)
neff = (1 +X€ff)2 =n + Tlnll

3

1
- . . . . . 3
where, n; = (1 + x1)z is linear refractive index of a medium and n,; = chn
oty

nonlinear refractive index. Linear part is always dominant. Although nonlinear term is
small, over a large length of fiber, it may become significant and may therefore, be
responsible for soliton formation. For silica fiber, n;(w) = 1.5 and n,; = 1072° W/m?
[7]. This huge difference in n;(w) and n,,; indicates that large intensities are required for
non-linear effects to play a significant role. The nonlinear refractive index gives rise to the
nonlinear parameter given by
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= M@ (4.7)
y =
CAeff

where, ¢ is the speed of light and A, is the effective mode area and is defined as

([ 1F (x, ) [2dxdy)’ (4.8)
JIZIF (e, y) |4 dxdy

Aepr =

where, F(X,y) is the modal distribution and is determined in chapter-3 for the fundamental
fiber mode.

4.2 Self-phase modulation (SPM) parameter

The refractive index of a nonlinear medium depends on the optical intensity (called Kerr’s
effect) through an equation

n(w,I) = no(w) + n2l(t). (4.9)

This intensity dependence generates nonlinear phase shift and therefore, an optical field
modifies its own phase. This is called self-phase modulation. Because of SPM, the
spectrum changes when an intense optical field propagates through the fiber. Different
parts of the pulse undergo different phase shift because of intensity dependence of phase
fluctuations. This produces spectral broadening and an effect often called “chirp” of the
pulse while the temporal shape remains unaltered. The SPM effects dominate in systems
with high transmitted power as the chirping effect is proportional to the transmitted signal
power. One of the applications of SPM is the formation of solitons. SPM leads to chirping
with lower frequencies in the leading edge and higher frequencies in the trailing edge. This
chirping effect is opposite to the chirping caused by linear dispersion. So, one effect can
be compensated with the other with a proper choice of shape (a hyperbolic secant shape)
and the power carried by the pulse. The new pulse propagates undistorted over a long
distance by mutual compensation of dispersion and SPM. Such a pulse is called a soliton
which does not broaden during its propagation.

4.2.1 Determination of SPM value

We measured the optical nonlinearity, y, of the fiber by recording optical spectra and
quantifying the amount of SPM as a function of power, wavelength, and fiber length.
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Figure 4.1 shows a sample of such measurements for 8-ps pulses at a wavelength of 1064
nm for light launched into one of the side cores. The physical length of this fiber is 5 m.
As the average power is increased from 4 mW to 12 mW, SPM leads to an increasing
number of peaks in the spectrum. The number of peaks in the spectrum increases linearly
with the value of maximum nonlinear phase shift (@y.)max- We calculate the

corresponding (@ n;)max USiNg arelation (Dy.)max = (M — %) 1t where M is the number

of peaks. Substituting the value of the slope from graph in equation y = % gives a value
eff
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Fig. 4.1. Spectra showing self-phase modulation. Inset is the plot of (@y.)mex @S @
function of peak power for a 3-core fiber of length 5 m and the slope of the linear regression

(Q)NL)max

fit gives a value for the ratio , where P, is peak power for wavelength 1064 nm.

0

4.3 Nonlinear effect for different fiber lengths

The nonlinear-optical response of the fiber is shown in Fig. 4.2 where we present the
spectrum emerging from the center core when the pump is launched into the center core.
We observed a FWM happening near a wavelength of 1064 nm for 5-m and 47-m long
fiber at suitable different powers. The spectra emerging from the side cores under the same
launch conditions are similar in width and shape. The spectra for both the short (5 m in Fig.
4.2(a)) and long (47 m in Fig. 4.2(b)) show the broadening of the spectrum of the pulse
train due to self-phase modulation and phase matched FWM. In both cases the overall
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width of the spectrum increases dramatically as a function of power, but we easily
recognize the growth of FWM peaks at about 1049 nm and 1079 nm in the 5-m case.
Cascaded FWM peaks arise as the peak power exceeds 220 W, and a continuum follows
for higher powers. In Fig. 4.2 (b) it is difficult to discern the FWM peaks for the 47-m long
fiber but broadening into a continuum is readily observed. We observed the similar
broadening for the light emerging out of other side cores when light is launched in central
core in case of both short and long pieces of fiber. Since the dispersion length is about 8 +
1 km, the GVD has no significant role in pulse broadening.
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Fig. 4.2. Spectra showing the pulse broadening at various high power for different fiber
length (a) short length (5m) and (b) long length (47m) [2]. The effect of fiber nonlinearity
is more on the longer fiber piece. Spectra are shifted up by some units to make them look
distinct in both (a) and (b). In (a) Spectra show spontaneous FWM in the 5-m long fiber
where the phase-matched peaks arise at 1049 nm and 1079 nm and (b) shows the same
measurement for a 47-m long fiber. The first-order FWM peaks are located at 1061 nm and
1067 nm which are not distinct in (b). FWM peaks are clearly observed when OSA
resolution was increased.

We observe substantial pulse broadening as a function of power for wavelengths ranging
from 1064 nm up to 1550 nm and which scales the same as that for a single core standard
fiber as explained in [8]. Nonlinear coupling is not evident in our experiment.

A similar analysis can be applied to the measurements recorded near 1120 nm for the fiber
length of 5-m and 1460 and 1520 nm for the fiber length of 52 m. In contrary to the
broadening at 1064 nm, spectral measurement at longer wavelengths using a femto-second
pulse has significant effect of GVD since the dispersion length is much less than the fiber’s
physical length. The observed pulse broadening in Figs. 4.3 and 4.4 is the effect of SPM.
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Fig. 4.3. Spectra showing the broadening of the pulses at wavelengths near 1120 nm when
input power is increased. Legend is the average power measured at the fiber output end.
The corresponding input peak powers are 230W, 205W, 185W, 125W, 75W, 50W, 30W,
and 20W. Light is incident in one of the side cores for a 5-m long fiber piece.
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Fig.4.4. Spectra showing the broadening of the pulses at wavelengths near 1460 and 1510
nm. Light is incident into the central core of a 52-m long fiber piece.

4.4 Mode coupling as a function of high power

The study of mode coupling done at low power in chapter 3 neglects the effect of fiber
nonlinearity. We extend the work to consider the effects of fiber nonlinearity on the mode
coupling by launching pulses with higher peak power. The experimental setup is same as
described in Fig. 3.7. We inject light into a single core and observe the distribution of the
output power among the 3 cores. We launch 8-ps pulses from a mode-locked Time
Bandwidth Nd-Vanadate laser at a wavelength of 1064 nm into a 5-m long. Figure 4.5
shows the transfer of energy among the cores for light launched into one of the side cores,
the central core, and the other side core, respectively. Since the cores are widely spaced
and arranged in a line, there is only meaningful coupling between cores which are adjacent
with one another. Again, we observe that the coupling between the central core and each
of the side cores is not the same and so k; , # k, 3. Moreover, we observe that the coupling
between cores varies slightly as a function of pulse power. In figure 4.5(b), when central
core is excited, we observed that the side cores are differently coupled to the central core
and therefore, we observed that exciting one of the side cores (3™ core) makes the relative
output power higher in the launched core while the significant amount of power transfers
to the central core (core 2) compared to when another side core (core 1) is excited. We
observed that almost 80% of energy emerges from one of the side cores when light is
launched in that core while more than 80% of energy emerges from another side core. We
also observed that launching light in central core can only yield around 70% light
emergence from that core. These results obtained for input peak power ranging 0-100 W
at a wavelength of 1064 nm contradicts with the similar power measurement at low power.
The mode coupling seems to be slightly affected when input peak power is above 50 W
indicating that it may be affected by higher input power.
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Fig. 4.5. Transfer of energy among cores in a 3-core fiber at intermediate power range
when light is launched into (a) side core (corel) (b) central core (core2) and (c) another
side core (core3) respectively.

To further observe if higher power affects the mode coupling, we increase the input peak
power up to 600 W. Figure 4.6 is the output power measurement made for higher input
power. The graphs show that the coupling of energy above a peak power of approx. 100 W
is influenced by high power. Figure 4.6(b) shows plots of the normalized output power as
a function of input power for coupling from the center core, C2, to each of the side cores,
C1 and C3. In Fig. 4.6(b), we observe that the coupling coefficients between the central
core and each of the side cores (as depicted in Fig. 3.6(d)) are not equivalent, x;, # k5.
For the 5-m long fiber, the coupling between the central core and the two side cores are
about 10% and 20% with an average of 15% when measured at low powers. Assuming the

coupling fraction to be T = sin?(xL), and the coupling length to be L, = % we obtain an
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average coupling length of L, = 20 m for a wavelength of 1.064 nm. Observations of the
coupling between cores for fiber lengths of 35 cm, 5m, and 50 m are consistent with L, =
20 m. Our observations of core-to-core coupling during low-power, linear propagation are
consistent with those shown for in a similar triple-core PCF in [53]. In the case of [53],
they also observed asymmetric coupling. We do, however, observe a different power-
dependence than that observed in [53]. We find in our measurements that the coupling
increases with power. We observed similar coupling of about 20% with the adjacent core
when light is launched into side cores as in Fig. 4.6(a) and (c). Mode coupling due to two
side cores excitation indicates that the coupling of light energy in lowly coupled cores is
more influenced compared to the coupling in highly coupled cores. This can also be seen
with the central core excitation that more energy is shared with the core 3 compared to core
1 which is highly coupled to central. However, the linear mode coupling may also
significantly increase the nonlinear distortion as mentioned in [57].
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Fig. 4.6. Transfer of energy among cores in a 3-core fiber at high power upto 650 W of
peak power when light is launched only into (a) side core (corel) (b) central core (core2)
and (c) another side core (core3) respectively.

4.5 Estimation of fiber parameters from FWM curves

A detailed description of the four-wave mixing in a 3-core microstructure fiber is in chapter
6. The FWM gain curve depends on the chromatic dispersion, zero-dispersion wavelength
and the nonlinear coefficient of an optical fiber. For the different fiber lengths, we can
record the FWM curves and choose appropriate values for the dispersion and nonlinear
coefficient of a fiber. We can then fit the experimentally observed gains with the numerical
simulations to determine the group velocity dispersion (GVD) and SPM parameter of the
3-core fiber. In chapter 3, we have determined the value of GVD at different wavelengths.
We determined the GVD to be +36 ps/(nmkm), +41ps/(nmkm) and +9 ps/
(nm km) at wavelengths of 1550 nm, 1315 nm and 1120 nm respectively. In a prior work
as mentioned in section 4.2, we determined the fiber nonlinearity to be 13 +3 W~1km™1,
Here, we will estimate them from the FWM gain curve at a wavelength of 1064 nm and
compare with experimental results.

We observed four-wave mixing happening in two different fiber lengths at a wavelength
1064 nm. Figure 4.7 shows the measured optical spectrum (for constant P,L~1 kW - m) at
the onset of spontaneous FWM plotted along with the calculated gain spectrum [6, 58]. In
Fig. 4.7(a) the gain is calculated for the experimental pump power for reasonable choices
of the group velocity dispersion, D, and nonlinear coefficient, y. The peak of the gain
matches with the peak of the FWM data. In Fig. 4.7(b), we choose D to remain the same
because we do not expect the overall dispersion to change with core-to-core coupling.
Since the fiber’s physical length is now longer than L., we expect to be able to observe

FWM for the case where the nonlinear length extends beyond L.. We replace y by g and

the calculated curve now produces narrow peaks which match the data well. The key
hypothesis formed from the previous analysis is that when FWM occurs in multiple cores,
y is effectively reduced by a factor of 3. Note that since we have fixed PyL in Fig.4.7, we
find that changing the power is not sufficient to explain the peak locations in the observed
spectra. The effective nonlinearity, y, must change as well.
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Fig. 4.7. FWM gain. (a) short fiber piece (4.9m) (b) long fiber piece (47m) [2]. The
estimated values of y are 14 and 4.67 W ~1km ™! for short and long fiber pieces respectively

2.

We confirm our hypothesis about the interplay between vy, P, and L by measuring the
spectral broadening due to self-phase modulation (SPM) of the pump pulses, as shown in
Fig. 4.8. An estimate of y is obtained [8] from the slope of width vs. power graph according
to
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SWmax = 0.86AW,Ppax (6.9)

where, dw is the SPM-induced frequency broadening, Aw, is the initial spectral width and
Omax = ¥V PoLess 1S the maximum phase shift.

In terms of the wavelength and slope, the above equation is modified to estimate the value
of SPM parameter as,

slope
AoLesy (6.10)

y = 1.1628

where, A4, is the spectral width of the unbroadened pump, and L. is the fiber’s effective
length. Slope and A4, are measured with a linear fit in nonlinear and linear power regime
respectively as mentioned in figure 4.8. Figure 4.8 shows an evaluation of the width of the
central peak as a function of the peak power, wherein the 6-dB width was used to mitigate
the effects of noise near the peak of the spectra.

The peak power P, is calculated considering the fiber’s efficiency as

Pavg

P = 0.94%x— 29
o = 094 A

* fiber ef ficiency. (6.11)

For short fiber and long fiber pieces, the fiber efficiency is measured to be 55% and 25%
which are a little less than the maximum fiber efficiency we can achieve with fine
alignment.

In Fig. 4.8(a) we see that the spectrum broadens in all 3 cores as expected in a linear fashion
below about 100 W with the energy splitting to some extent among the cores. The rate of
SPM induced broadening (the slope of the curve) increases in the central core when power
exceeds about 100 W. Above 100 W, Ly; < L. and the slope is determined by SPM arising
from propagation in a single core leadingto y ~ 14 + 1 (W km)~1. Below 100 W, L, <
Ly, and the resultis y ~ 5 + 1 (W km)~1. Light emerging from the other two side cores
also exhibit the relatively small y.

Figure 4.8(b) illustrates the same SPM broadening experiment performed on a 47-m long
fiber. In this case the physical fiber length is greater than the coupling length, and L. <
Ly, and we again obtain the result of y ~5 4+ 1 (W km)~t. As the peak power is
increased from 6 W to 30 W, SPM combined with FWM leads to an increasing number of
peaks in the spectrum. Specifying broadening due to SPM for powers larger than about
30W is obscured by FWM peaks which arise close to the pump’s spectral envelope. The
detail of finding slopes at linear and nonlinear regimes is illustrated in Fig.4.9.
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Fig. 4.8. Spectral broadening measurement as a function of input power when central core
is excited. (a) for short fiber (4.9 m) and (b) for long fiber (47 m) [2]. Straight line (red) is
the linear fit for linear and nonlinear power regimes in (a) and (b). The slope of the line in
nonlinear power regime is 0.04 (for (a)) and 0.12 (for(b)). The value of A1, is 0.80. We
observed that the spectral broadening is solely due to the fiber SPM parameter and is
significant above 100 W [2].
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Fig. 4.9. Spectral broadening measurement as a function of power for long and short fiber
pieces showing the data range (orange) for finding initial spectral width and slope. Data
points in the linear regime are chosen and fitted to find A2 corresponding to P, = 0. Data
points in the nonlinear regime are chosen to find the slope.

Table 4.1: Value of SPM parameter

Parameter in equation (6.10) Long fiber Short fiber
slope 0.12 0.04
AA, 0.80 0.80
Fiber length 47 m 49m
Estimated y 3.70 W-tkm! 11.9 W-tkmt

These are in good agreement with numerical simulation and experimental plot in figure
4.7.

4.6 Summary

In this chapter, we discussed the various spectra observed at high power beam propagation
over a wide range of wavelengths. We presented the origin of nonlinear phenomenon
associated with an optical fiber. We presented the various spectra showing the effect of
GVD and nonlinear parameters at wide range of high power at different wavelength
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ranging in 1.064 um — 1.60 um. We also observed substantial pulse broadening as a
function of power for wavelength ranging from 1064 nm up to 1550 nm. The linear
relationship between broadening and the input power tells that the broadening is due to the
SPM parameter of the fiber and may have no role in the mode coupling. We also found a
significant difference in the pulse propagation for short and long pieces of fiber and
described them in terms of the fiber’s dispersion length and nonlinear length. We
investigated the coupling characteristics of a 3-core fiber in a nonlinear approximation
using mode locked pulsed light and found that mode coupling is significantly affected by
an intense pulse. We utilized the four-wave mixing spectra observed at 1.064 um to
validate our experimental measurements for dispersion and nonlinearity of optical fiber.
The key point is that when FWM occurs in multiple cores, fiber’s nonlinearity is effectively
reduced by a factor of 3 (number of cores). By adjusting the pump power for a fiber whose
physical length is slightly longer than the coupling length we observe the transition
between single-core nonlinear effects and multi-core nonlinear effects. The critical design
challenge is balancing the effective nonlinearity with the desired phase matching
bandwidth. If the coupling length is short compared with the nonlinear length, then the
effective nonlinearity, vy, is reduced by the number of cores present. While this increases
the maximum power at which one can operate the FWM device, it reduces the phase
matching bandwidth. A careful analysis of the spectra at wavelength range 1.064 um —
1.60 pwm aids in understanding the combined effects of various linear and nonlinear effects
allowing the fiber to be implemented in signal transmission in the telecommunication and
medical field.



CHAPTER S

OPTICAL PARAMETRIC OSCILLATOR USING NON-
POLARIZATION MAINTAINING MICROSTRUCTURE FIBER

Fiber optical parametric oscillators (FOPOs) are attractive as they can provide a large gain
over a large range of wavelengths. Key concerns with FOPQOs are the tunability it offers
and power limitations. Much research had been done to obtain higher gain and power in
degenerate and nondegenerate modes. Xu et al. designed a tunable FOPO with multi-watt
output power using a dispersion shifted fiber [59]. Murray et al. used a seed source to
optimize the power from a tunable FOPO while Jin et al. optimized the output power from
the FOPO with high output coupling ratio close to 1 [60, 61]. Fiber optical parametric
oscillator design mostly involves the use of dispersion shifted fiber and tailoring pump
wavelength. Since, FWM is a polarization dependent process, we utilized the effect of the
field’s polarization in the output coupling to optimize the FOPO performance. In this
chapter, | extend the study of the polarization-based scheme for the FOPO power
measurement carried out initially by Thomson Lu and Leily Kiani. Beforehand, we
introduce FOPO and FWM necessary to understand the parametric amplification in a
microstructure fiber.

5.1 Historical review of FOPO

With the invention of the laser as a coherent and monochromatic source of light,
researchers were interested in increasing the range of wavelengths available. The first
broadly wavelength-tunable laser was the dye laser in 1967 [62]. Several types of tunable
lasers were invented in the later decades, however the range of tunability was limited and
there were gaps in the visible and near to mid IR region. Within five years of invention of
laser, Joseph A Giordmaine and Bob Miller demonstrated the first ns-pulsed optical
parametric oscillator in 1965 at Bell labs using LiNbOs crystal as an alternative and reliable
source of coherent light with a wide range of tunability [63]. They observed parametric
oscillation in the wavelength range of 0.97-1.15 um with optical pumping at a wavelength
of 0.529 um. In the same year, Wang and Racette discovered that coherent light can be

63
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generated at the difference frequency between two pump beams propagating through a non-
linear crystal [64]. The standard optical parametric oscillator is based on the 2" order
susceptibility of the material of crystal. It provides an optical beam with relatively high
spatial and temporal coherence and a wide range of wavelength tunability compared to a
tunable laser. OPOs work well in most of the spectral regions like UV, visible, near infrared
and mid-infrared regions some of which are inaccessible by any laser.

R H Stolen demonstrated the first optical parametric amplifier in a low loss fiber in 1975
[65]. The pulsed fiber based OPO was first demonstrated in late 1980s. The pump source
was a CW color-center laser with a wavelength of 1.5 um. The pulse width and repetition
rate were 13 ps and 100 MHz respectively. A FOPO with high gain and wide spectral
bandwidth is a viable alternative source of light. In 2002, the first microstructure fiber
based OPO was demonstrated by J.E. Sharping et al. using a Ti:Sapphire laser with a
repetition rate of 75 MHz and pulse duration of 630+10 fs at FWHM [58]. Fiber optical
parametric oscillation is a non-linear phenomenon based on the 3™ order susceptibility of
the material. In a parametric amplification process, a signal wave is amplified using a pump
wave and a parametric non-linearity. The gain bandwidth increases with the increase in
pump power. FOPOs are widely used in optical signal processing, pulse generator,
wavelength conversion, de-multiplexing, optical time division and others. Fiber parametric
devices are also attractive in high-speed optical communication systems.

5.2 Four wave mixing process

FWM is a third order optical non-linear process that involves an interaction among three
waves giving rise to fourth wave of different frequency. Two pump waves of frequencies
w,, and w,, combine together and generate idler and signal waves of frequencies w; and

w, respectively satisfying conservation of energy and momentum equations.

Wp, +a)p1 = w; + wg

ﬁpl + ﬁpl ﬁi + ﬁs (5'1)

For a degenerate four wave mixing process (the two pump waves being identical), the
frequencies of the output waves are related to the pump frequency by the relation

20y, = w; + w; (5.2)

The new waves of lower and higher frequencies are also called Stokes and anti-Stokes
waves. Fig. 5.1 illustrates the mixing of two pump waves for the degenerate case giving
rise to two new waves satisfying energy and momentum conservation law. Signal and idler
wave are generated from noise when a phase matched condition is satisfied. The
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wavelengths of generated waves are determined by the pump wavelength and the
dispersion profile of the fiber.
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Fig. 5.1. Generation of two new frequencies in a degenerate FWM process from a pump
frequency. (a) FWM process (b) Energy level diagram (c) Phase matching diagram

5.3 Polarization in a birefringent fiber

As mentioned in section 1.1 in chapter 1, a fiber can support a single mode depending on
the fiber parameter under a perfect symmetry. But in reality, a fiber may have a small
perturbation on its symmetry causing it to exhibit two polarization modes in orthogonal
directions having a small difference in their effective refractive indices n, and n,,. A fiber
exhibits some modal birefringence due to a slight difference in the mode propagation
constant for modes in x- and y- directions. The modal birefringence is determined by a
dimensionless parameter

ﬁ —
Bm=| xko ylzlnx_nyl' (5.3)

The birefringence of the fiber modifies the polarization state of the input light. In case of a
polarization maintaining fiber (fiber with high birefringence), the birefringence is uniform
and linear while in a non-polarization maintaining fiber, it is random causing a random
change in the SOP of the input light. The coupling between the two modes can be measured
in terms of a beat length as

2T A

Lb=—=_

B = By|  Bm (5.4)

The beat length is the fiber length over which the initial polarization state of light is
recovered. The beat length is small for a high birefringence and vice-versa.
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Fig. 5.2. Evolution of the polarization state of light along a uniform birefringence fiber for
a linearly polarized light at 45° with the slow axis. Reprinted from [8].

In a non-polarization maintaining fiber, the modal birefringence changes randomly along
its length inducing the pulse broadening which is also called polarization mode dispersion
(PMD).

For a FOPO system, the PMD randomizes the polarization state of the fields in the cavity.
This is due to the fact that the FWM process involved in a FOPO system is a polarization
dependent. It has been observed that the states of polarization of fields rotate in the same
direction on the Poincare sphere and state of polarization (SOP) of individual field varies
depending on their frequency difference [8]. The change in the SOP of difference
wavelengths (signal, pump and idler) is different due to PMD. It is assumed that the FOPO
gain will be maximum when the fields polarization overlap. The PMD effect is small and
can be neglected for a fiber length smaller than 100 m.

In addition to the modal birefringence, a fiber may have nonlinear birefringence induced
by an intense pulse. While considering the polarization effect at high power, one must
include both modal and nonlinear birefringence for an accurate description. The evolution
of the state of polarization of light in an optical fiber can be described based on the Stokes
vector rotation on the Poincare sphere.
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5.4 Polarization-based scheme for FOPO

There are several designs and proposed models for the optimized performance of FOPOs
[59-61]. Their methods do not consider the effect of the polarization in the output coupling.
We study the polarization orientation of fields in the FOPO cavity and include its effect on
the maximum gain. In this section, 1 will also discuss the prior work done in this
experiment. In this experiment, at the output end of the fiber, we employ a polarization-
based output coupling method in which a combination of half wave plate (HWP) and
polarization beam splitting cube (PBS) is introduced in the cavity that helps in controlling
the polarization state of the fields in the cavity.

We optimize the FOPO system by tuning either the signal in the range of 991-994 nm or
the idler in the range of 1146 to 1150 nm. Amplification of the signal field and the
generation of the idler field occur when the pump field interacts with the feedback field in
the optical cavity of the system. The polarization state of the fields in the cavity is
controlled with the HWP2 and HWP3 and a fiber polarization controller (FPC). HWP2 can
be used to adjust the polarization state of the pump at the fiber input if needed. The
polarization state of the output field can be controlled with HWP3 and the FPC. We also
initially adjust HWP2 and FPC to maximize the coupling of the pump into the fiber.

The PBS reflects vertically polarized (s-polarized) light and transmits horizontally
polarized (p-polarized) light. The transmitted light is fed back into the cavity with the help
of adjustable end mirror M3 and its polarization can be change with HWP3. Thus, the
coupled output power can be optimized by both the output coupling ratio and the
polarization mode overlap of the counter propagating light in the optical cavity. As a result,
the coupled output power obtained from the FOPO system can be optimized by controlling
the polarization overlap and power coupled out of the system using FPC and HWP3.

5.4.1 Experimental set-up

A schematic of the experimental setup for the FOPO is shown in Fig. 5.3. It consists of a
Febry-Perot cavity with a fiber and free space in it. The fiber is 1.2-m long non- polarization
maintaining microstructure fiber (NKT Photonics, NL-5.0-1065) and is pumped by a
mode-locked Nd:Vanadate laser emitting pulses at a central wavelength of 1064 nm. The
laser produces pulses with duration of 8 ps and with peak power of 1250 W at a repetition
rate of 80 MHz. A maximum of 550 mW of average pump power was coupled into the
fiber. The pulse emitted from the laser is assumed to be linearly polarized which is then
coupled to the fiber using a lens with a suitable numerical aperture. An isolator is placed
on the beam path to avoid a laser damage with the back reflection. A half wave plate when
combined with the polarization beam splitter (PBS) works as an attenuator and controls the
light intensity. Mirrors M1 and M2 help in efficient light beam coupling into fiber. The
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front facet of the fiber and the end mirror M3 form a Fabry-Perot cavity which is
synchronized with the repetition rate of the pump field. Wavelength tuning is done by the
adjusting mirror M3. The FOPO is tunable from 960-1044 nm on the anti-Stokes side and
1084-1191 nm on the Stokes side with output pulse durations of 2.2 ps. To investigate the
change in the coupled output power with the change in the polarization state of the
overlapped fields in the cavity, we mounted a HWP3 on a motorized rotating stage and
measured the output power. The output of all three fields were recorded on an oscilloscope
for the waveform analysis.
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M1 isolator HWP1

4 NN

WP2 : PBS prism
FPC beam splitter
M2 I (@) ) N
2 M3
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e‘ @ # Det.
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Fig 5.3. Schematic of experimental setup for polarization-based scheme for the output
power measurement from a FOPO system.

5.4.2 Results and discussion

We measured the output power for the two different cases, low-loss and high-power cases.
In the former case, we adjust FPC and HWP3 in such a way that we obtain minimum
coupled output power provided that the FOPO is operational and in the latter case, we
maximize the output power. Figure 5.4 is the measurement of the coupled output power
when the HWP3 is rotated to change the polarization state of fields in the cavity (a) for low
loss condition and (b) high power condition. We found that more power is extractable from
the FOPO system at the latter case. In the figure 5.4, different labels correspond to the
different stages of FOPO operating when the HWP3 is rotated.
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Fig. 5.4: Output power measurement in the FOPO cavity as a function of HWP angle (a)
for low loss case (b) for high power case. Labels in the graph represents the different
working condition of the FOPO system [66].

In Fig. 5.4 (a) labeled I region indicates that the FOPO is not operating as the power is
below the threshold power due to high power loss in the cavity. As the HWP3 rotates, the
threshold power is achieved at labelled section Il and therefore, attains a maximum gain at
I11. The power then starts decreasing and reaches a minimum value at IV indicating that
the power is still above the threshold with FOPO operational. With further rotation, the
output power increases and attains another maximum value at V. In low loss condition, the
maximum value of sideband (signal and idler) power extracted from the system is 50 mW.
In Fig. 5.4 (b), the labelled regions have the similar meaning as explained in fig. 5.4(a)
except the peaks are asymmetric. Label Il peak is taller than the peak in fig. 5.4(a)
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indicating that more is recorded in this high-power operation mode than in the low-loss
mode. The output power extracted is 70 mW which is almost 30% higher than the power
extracted from low loss operation mode.
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Fig. 5.5. Output power measurement as a function of output coupler reflectivity in the
cavity for two different conditions (a) low loss condition and (b) high power condition at
different pump power.

In figure 5.5, we see that the output power increases with an increase in the reflectivity and
attains the highest value for the reflectivity of the range 0.7-0.8 and then decreases. The
decrease is due to the very high coupling power causing the system to be below the
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threshold. A clear distinction in figure 5.5 (a) and figure 5.5 (b) is that higher output power
is obtained for the high-power condition than in the low loss condition. This illustrates that
the polarization state of the field in the cavity plays an important role in optimizing the
gain obtained from a FOPO system.

5.5 Measurement of polarization state of fields in the FOPO cavity

The experimental measurements of coupled output power at different conditions reveal that
more power is extractable at high power condition. Since we implemented a polarization-
based scheme for the power measurement, the increase in the power may be due to the
effect of our scheme on the polarization state of light. To explain the behavior of light at
both low-loss and high-power conditions with more power extraction at the latter case, it
is important to investigate the polarization state of light at those schemes. We visualized
the polarization dynamics in the FOPO cavity on the Poincare sphere. Stokes intensity
parameters like So, S1, S2, and Sz are used to graphically represent the polarization state of
light on the Poincare sphere.

We measured the Stokes polarization parameters for various settings of a rotating quarter
wave plate (QWP) as shown in the highlighted part in figure (2) and develop the Poincare
sphere to visualize the state of polarization of different fields. The QWP is placed on a
motorized mount and is rotated through 360°, however, rotation through 180° is sufficient
to obtain a complete set of Stokes polarization parameters. A detail of the technique used
for the polarization measurement is in [67]. The intensity of the optical beam on the
detector [67] is given by

1
I, = = (A + B sin26,, + C cos46,, + D sin40,,)

2 (5.5)
where,n = 1,2,3....,N and N = 8 and is even.
The coefficients A, B, C and D are determined using Fourier analysis method as
N N N
2 4 , 4
A= Nz I,; B= NZ I, sin26,; C= Nz I, cos40,;
n=1 n=1 n=1
N
4 .
D= Nz I, sin40,,. (5.6)
n=1
The Stokes parameters are calculated by using following equations.
So=A-C S1=2C S2=2D S3=B (5.7)

To understand the polarization behavior of the three fields in the FOPO cavity, we operated
the FOPO under two polarization conditions. 1) when the loss in the cavity is minimum
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(low-loss condition) which is achieved by minimizing the coupled output that is assumed
to corresponding to minimum loss, 2) when the coupled output power for the sideband is
maximum (high power condition). We measured the output power and polarization state
of fields in both conditions. For a linearly polarized pump being launched into the fiber
and if the polarization of the pump at the fiber output is completely p-polarized, then the
coupled output power extracted from the system is independent of the polarization state. In
Fig. 5.6 (a)-(c), we see that the pump is linearly polarized, and the output idler and signal
are also linearly polarized indicating that there is no change in the polarization orientation.
On the other hand, if the polarization of the pump at the fiber output is not completely p-
polarized then the feedback polarization will not overlap with the fiber output polarization.
We can re-orient the feedback polarization by adjusting HWP and PFC to extract more
coupled output power. We extracted more power out of the system in case of the high-
power condition and found that the polarization state emerging from the fiber is elliptical
when the output power was maximized. These scenarios are depicted on the Poincare
spheres in figure 5.6 (d)-(f) for a linearly polarized input field. We see that the polarization
states of the pulses change when the adjustment was made to obtain highest coupled output
power. The pulses in the cavity are either linearly polarized with +45° or elliptically
polarized. This suggests that polarization states of pulses in the FOPO cavity must be taken
into account while extracting maximum power from the system.

a 53 b Ss

Fig. 5.6. Poincare spheres visualizing the polarization states of the fields in the Fabry-Perot
cavity for two cases. (a)-(c) are for pump, idler and signal respectively when the coupled
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output was minimized (low-loss case) for a linearly polarized input pulse. (d)-(f) are for
the pump, idler and signal respectively when the coupled output was maximized to 45 mW
(high-power case).

Further, to understand the dynamics of the polarization state of the pulses, we replaced the
HWP2 with a QWP at the input of the fiber. This QWP will help in introducing an ellipticity
in the input pump pulse i.e. the pump at the input of the fiber will be less linearly polarized.
It is measured to have a degree of polarization of 91%. The polarization states of all fields
in the FOPO cavity are measured at low-loss and high-power conditions. In figure 5, the
polarization states for the different fields are depicted on the Poincare’s sphere for both
conditions. We see that the polarization states of signal and idler are similar to that of pump
pulse at the output of fiber as shown in figure 5.7 (a-c). All are similar to the pump at the
input of the fiber. However, the degree of polarization is low for the pump pulse at output
compared to that at input of fiber. This affirms that the output power is independent of the
polarization modes in the low-loss condition, where we minimize the coupled power to
extract power from the system. In the high-power condition, the polarization states of the
fields in the optical cavity are either linearly polarized with +45° or elliptical as shown in
figure 5.7 (d-f). This is because the polarization states of the fields are reoriented with the
adjustment made for the high-power condition. We repeatedly measured the polarization
of fields several times by changing the ellipticity angle of the input pump for both cases
and we found that fields are always either elliptically polarized or linearly polarized with
+45% in the high-power case where more power is extractable. This suggests that in addition
to the polarization state of input pulse as mentioned in [68], one needs to consider the
polarization state of pulses in the cavity to obtain maximum output power from the system.

Sy
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S

Fig. 5.7. Poincare spheres depicting the polarization state of pump, idler and signal
measured at the FOPO cavity when input is elliptically polarized for the low-loss case (a-
c) and high-power case (d-f).

5.6 Degree of polarization as a function of wavelength

Polarization states of fields in the cavity in section 5.5 for the low loss and high-power
modes are different. We observed the linear polarization of fields in the cavity at low loss
mode while random polarization of the side bands in the high-power mode for which we
extracted more gain. We then individually synchronized the sidebands (either signal or
idler) from the fed back portion with the pump in the cavity at the low loss condition to
observe if any difference occurs in the degree of polarization of the fields with respect to
the input power. Figure 5.8 is the plot of the degree of polarization of the fields in the
FOPO cavity as a function of the input power when either signal or idler wave in the fed
back portion of the light is synchronized with the pump field. We observe that the DOP of
the fields are similar in figure 5.8(a) and 5.8(b). The signal and pump are polarized while
idler is unpolarized indicating that synchronizing either oscillating idler or signal wave
does not produce any changes in the degree of polarization of the fields.
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Fig. 5.8. Measurement of the DOP of the fields in the cavity at low loss condition when the
feed-back mode is oscillating (a) idler wave and (b) signal wave. Due to limited number of
data points, the DOP of signal not plotted however, it was over 0.9 for both.

5.7 Summary

We demonstrated the output measurement using a polarization-based output coupling in a
FOPO leading to the higher output power. Our reflectivity studies suggest that the
polarization state within the FOPO must be considered with the output coupling ratio. This
scheme draws attention to the state of polarization of the pump and the feedback. It appears
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promising as it allows a flexible control over the output power by controlling the
polarization mode overlap with the output coupling ratio and it also allows flexibility in
optical alignment. We found that the powers of the output waves of the FOPO depend on
the polarization overlaps and we analyzed the polarization sensitivity of the waves using
our scheme. Depending on the polarization modes, the FOPO can work at more oscillating
conditions yielding lower output power (low-loss condition) and at reduced oscillating
conditions yielding higher output power (high-power condition). Different polarization
orientations for different fields on Poincare sphere indicate that the gain depends on the
polarization state of the fields and adjusting optical components like HWP and FPC help
in maximizing the coupled output power. We also observed an increase in coupled output
power with the input pump. Finally, we can extract both sidebands which makes this source
attractive for use in coherent multi-photon microscopy.



CHAPTER 6

OPTICAL PARAMETRIC OSCILLATOR USING A TRIPLE CORE
FIBER

A fiber optical parametric oscillator (FOPO) is a coherent source of light based on four-
wave mixing in an optical fiber. The four-wave mixing process occurs only when the phase
matched conditions are satisfied. It is considered as a promising alternative to the solid-
state lasers for its robustness and compactness. FOPOs can offer high gain and low noise
figure simultaneously with large bandwidth [69-71]. It was first demonstrated in 1975 by
R. H. Stolen in a multimode fiber using a doubled Q-switched Nd: YAG laser of
wavelength 532 nm [65]. It has been experimentally realized using both degenerate (single
pump FOPQO) and non-degenerate (dual pump FOPQ) four wave mixing process in asingle
mode single core fiber [72]. Compared to single pump FOPO, dual pump FOPO provides
a high and flat gain over a broad bandwidth [8]. But dual pump FOPO requires two sources
which makes it immobile due to complex alignment. To overcome this drawback, recently,
fiber optical parametric amplification has been theoretically studied using a dual core fiber
showing a flat gain over a large bandwidth similar to that of dual pump FOPA which can
potentially be applied to novel applications [73]. In this chapter, we focus on the
development of the FOPO using a multicore fiber based on the degenerate-FWM. We
develop the modified coupled mode theory for the wave propagating in a triple core fiber
and its application in constructing optical parametric oscillator using four photon mixing
process. To our knowledge, this is the first demonstration of the fiber optical parametric
oscillator using 3-core microstructure fiber.

6.1 Modified coupled mode theory

In a multicore fiber, the neighboring cores are sufficiently close for the overlap of
evanescent fields of each core. This leads to the power transfer between the modes of cores
and its neighbor periodically. In the triple core PCF of interest, we consider the overlap of
the wavefunction between only the nearest neighbor cores. For the linear configuration of
cores, we neglect the mode coupling between core 1 and 3 as the wave decays exponentially

77
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in the cladding region. The coupled mode theory is based on the mode of individual cores.
The study of mode coupling in an optical fiber is crucial for the control of the power
transmission. The wave propagation in a triple core fiber for a high-power beam can be
described with coupled nonlinear Schrodinger equations [74] as

dAl . . 2
dz = jr14; + jylA %A,
dAZ . . 2
PP J(A1 + K243) + jylA,|° A,
dA3 . A . A 2A
dz = jry Ay + jylAs|“ A3 (6.1)

where A;, A, and A; are the amplitudes of the electric fields in core 1, 2 and 3 respectively
at position z along the fiber length; x, and k, are the coupling coefficient between the
cores between modes in core 1-2, and 2-3 respectively; and y is the nonlinear parameter.
The coupling coefficient depends on the area of overlap of the individual core modes. Small
mode overlap leads a small x and vice-versa. It also varies along the length of fiber due to
imperfections in the fiber, which we neglect assuming that the degree of imperfection is
very low. For the linear characteristics, we assume the propagation in a low intensity field
and one may set y = 0 in above coupled mode equations.

There are nine fields propagating along the fiber length at 3 different frequencies, assuming
all idlers have frequency w; and all signals have frequency w,. The evolutions of the 9
fields propagating inside the 3 cores of a fiber are governed by the following coupled mode
equations [8, 73, 75].

dAp: . . 2
d—§ = ],BmAm +JV{|Ap1| + 2(|A51|2 + |Ai1|2)}Ap1

+ ZjVAZ1As1Ai1ejABZ + jK14p;

dA
= jBads + iy {lAal? + 2 (|4]” + 14u1?)} A

+ 2]']/14%114;13_”[32 + jK,As

dA;
dzl1 = jBirAun +jV{|Ai1|2 +2 (lApllz + |A51|2)}Ai1

+ ZjVA§1A§1e_jABZ + jK1Ap
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ddp, . . 2
d;) = jBp24p2 +])’{|Ap2| + 2(Ag, |* + |Ai2|2)}Ap2

+ 2jy Ay, Ay AP + (1, Apy + Ky AL3)

dA
2= B iy {1Anl? + 2 (4] + 14017)} A

+ ZjVAf)zAlfze_jABZ +j (k1 Ag1 + KAs3)

dA;
dzl2 = jBi2Aiz +fY{|Ai2|2 +2 (lAP2|2 T |A52|2)}Ai2

+ ZjVAf)zA;ze_jAﬁZ +j (k1A + K24;3)

dAps . . 2
d; = jBp3Aps +JV{|Ap3| + 2(JAgs|* + |Ai3|2)}Ap3

+ ZjVAZ3As3Ai3ejABZ + jKyAp,

dA
2= jBosAss + iy {lAsl? + 2 ([4ps]” + 14512) } Ass

+ ZjVAésAise_jABZ + K24,

dA;
dzl3 = jBisAis +jy{|‘4i3|2 +2 (lAP3|2 + |A53|2)}Ai3

+ 2jy A%z Asze AP + ik, Agy (6.2)

We assumed that the input fields are parallel polarized. Assuming all pumps have the
similar propagation constant, f,; = By, = B3 = B, ; all pumps are initially in same
phases, the equations representing the evolution of the pump waves along the length of the
fiber are,

Apm=\/Pp_mej(ypm+ﬁp+K1+K2)Z (6.3)

where m = 1,2,3 represents the core. k, =0 for m =1 and x; =0 for m = 3. B,
represents the pump power in mt" core.

Similarly, for the signal and idler waves generated, the propagation along the fiber length
is governed by the following equations.
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AS(i)m = es(l.)mej(ZVPpm—Aﬁ+ﬁS(i)+K1+K2)Z (64)

where e, is the initial signal (idler) amplitude in m*" core and AB is the linear phase-
mismatch. It can also be obtained by expanding f(w) in Taylor series at the zero-
dispersion frequency w, given by

AB = Bs + Bi — 2B, = B3(w, — wp ) (ws — a)p)z (6.5)

Substituting equations (6.3) and (6.4) into equations (6.2) with an assumption of equal
power distribution; P,; = Py, = P,3 = P,,;,, We obtain six equations which are expressed
in the matrix form in a system

dE(z) _

= iIME(z) with
—-Af —k 145 K 0 0 0
—-Yh, AB + K 0 —K 0 0
M= K 0 —Ap — 2k vF, K 0
0 —K —YF, AB + 2k 0 —K
0 0 K 0 —Af — K yP,
K ; ) (6.6)
0 0 0 —K —yP, AB+k
Eigenvalues of this 6X6 matrix are
g1 = [¥?R,’ — B2
92 = \/Vzppz — (AB +K)?
gs = \/yzppz — (AB + 3K)? (6.7)

These eigenvalues give the gain coefficients for the FOPO. Figure 6.1(a) is the plot of these
gain coefficients as a function of linear phase mismatch (Ag) as nonlinear phase mismatch
remains fixed for a certain input power. g;, g, and g represent the gain coefficient for
optic fiber with single core, dual core and triple core respectively. From figure 6.1(a), we
see that maximum gain can be obtained from a fiber at a larger phase mismatch if the fiber
has more cores.
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Fig. 6.1. Parametric gain curves as a function of linear phase mismatch (AB) at y =
14 W~'km™" and P, = 100W (a) For gain coefficient g, , g, and g at coupling
coefficient k = 1, (b) For gain coefficient g5 at different value of coupling coefficient

K (1/m).

Figure 6.1(b) is the plot of the gain coefficient for a triple core fiber as a function of linear
phase mismatch for different values of coupling coefficient. It shows that the gain peak
shifts away from AB = 0 with the increase in k suggesting that the maximum gain can be
achieved even if there is the presence of some phase mismatch by raising the value of
coupling coefficient which is an advantage for a long fiber as it is difficult to maintain
phase matching over a long fiber length.
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The signal gain obtained at the fiber output end is given by [76]

2

P
G=1+ {%sinh(gL)} . (6.8)

where, symbols have their usual meanings. The numerical plot of Eq. 6.8 for different
values of coupling coefficient is in fig. 6.2. In Fig. 6.2, we see that the detuning between
the signal/idler and the pump becomes larger with increase in the coupling coefficient
value. Therefore, we can utilize mode coupling in a multicore fiber to generate tunable
parametric gain bands. Mode-coupling can be controlled with the input pump power and
the wavelength.

6.2 Degenerate four wave mixing in 3-core fiber

Four wave mixing (FWM) is an important nonlinear process for the parametric
amplification in an optical fiber. For a strong pump field lunched into the fiber, signal and
idler waves are generated by FWM process as shown in Fig. 6.3 and obey the coupled
mode equations given by Eq. 6.2. A general description of FWM process is presented in
chapter 5. To generate an efficient FWM, the pump wavelength should lie at or close to the
zero-dispersion wavelength of the fiber. The frequency and phase matching conditions are

2w, = w; + ws

ﬁp = Bi + Bs (6.9)

For the FWM process to occur, the effective phase mismatch factor must be reduced. Both
linear and nonlinear properties contribute to the effective phase mismatch factor as given
by

K= A48 + 2yP, (6.10)
where, the linear phase mismatch factor Af is contributed by both material and waveguide

dispersions and is given by eq. 5.1. For an efficient FWM, we choose a pump wavelength
that coincides or lies very close to the zero dispersion of the fiber.
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Fig. 6.3. (@) Schematic of degenerate four wave mixing process. (b) Experimentally
observed degenerate FWM in a 3-core fiber when central core is excited.

We demonstrate a clear evidence of FWM at 1064 nm in the anomalous dispersion regime
in a 3-core PCF as shown in Fig. 6.4. Figure 6.4 (a,c,e) are the FWM happening in the
launched core at a relatively low input power while figure 6.4 (b,d,f) are the cascaded FWM
observed at launched cores for relatively high input powers. The characteristics of FWM
spectrum strongly depends on the pump wavelength. Observance of FWM offered a great
opportunity to configure a parametric oscillator using this multicore fiber.
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Fig. 6.4. Four wave mixing happening in all cores when they are individually excited
almost at the same power. Figures on the right side show the cascaded FWM.

6.3 Polarization dependence of FWM gain

The efficiency of the FWM process depends on the polarization state of the input pump
[68]. If the input state of polarization (SOP) of pump is kept fixed, the signal and idler,
generated in the fiber due to FWM, may have different polarization states due to the
presence of random birefringence in the fiber. So, it is crucial to understand the polarization
state of the interacting fields to optimize the gain.

The fiber birefringence can be neglected for a short fiber and therefore, we may assume all
fields to be co-polarized with the input pump. However, one may need to consider the
nonlinear polarization rotation of the pump SOP due to the fiber nonlinearity [76]. In
general, the FWM efficiency is maximized when all fields are parallel regardless of their
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individual SOP for a linearly polarized input pump. In case of long fiber, one cannot ignore
the effect of randomly varying residual birefringence.

To observe the effect of the polarization on the FWM gain, we rotated the wave plate and
recorded the FWM gain. The plot in Fig. 6.5 (a) is measuring the output from the same
core as the one into which the light was launched. With the change in the polarizing angle,
we observe significant amount of spectral broadening. The plot in Fig. 6.5 (b) is measuring
the output from the adjacent core when low-powered light is launched in central core. This
also shows that the measurement also depends on the polarization. We observed that both
output pump and sidebands spectra change with the polarization. However, we do not study
polarization effects in details. The variation observed in the output power with the
polarization may be because the mode coupling is polarization dependent. Moreover, we
know that the FWM is the polarization dependent. It is therefore, important to consider the
effect of the input polarization on the output power measurement.
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Fig. 6.5. FWM gain spectra including pump when polarizing angle is changed at the fiber
input. Light is launched in 2" core and output are measured at (a) 2" core (b) an adjacent
core.

6.4 Three-core fiber optical parametric oscillator

The experimental setup is schematically shown in Fig. 6.6, similar to that described in
chapter 5. The pump source is a mode locked Nd:VVanadate laser operating at a wavelength
of 1064 nm with 8 ps pulses at a repetition rate of 80 MHz. A 5-m long 3-core
microstructure fiber is placed in the cavity formed by the high reflector M3 and the front
end of the fiber. Mirrors M1 and M2 are placed before the input end of the fiber to increase
the light coupling into the fiber and a combination of half wave plate and polarizing beam
splitting cube works as an attenuator controlling the input light. An iris can be placed in
the cavity after the lens to block to block some of light modes allowing the desired modes
to feedback into the cavity from the end mirror. Light launched into one of the cores of a
coupled-multicore fiber emerges out of all cores due to the sharing of energy between the
adjacent cores.

A dichroic mirror (short-wave pass (SWP) or long-wave pass (LWP)) can also be placed
in the cavity after the lens at an angular position of 45° so that the longer wavelength or
shorter wavelength is reflected while other is oscillating in the cavity and can be recorded
at the output port. The signal or idler average power can be measured by stopping pump
using a notch filter at 1064 nm. The fields are oscillating in the cavity with adjusted cavity
length.
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Fig. 6.6: Schematic of experimental setup for the triple core fiber optical parametric
oscillator

For the measurement in Fig. 6.7, light is launched into the central core. Fig. 6.7 (a) are the
plots when all light from all cores is present in the cavity and only light from C3, C2 and
C1 are individually feedback into core 2 at the fiber output end. It is observed that the
feedback of the light from C3 into C2 gives the highest power. This may arise due to the
different coupling coefficient values. Fig. 6.7 (b) is the similar power measurement for the
case when the lights from C1 and C3 are blocked in the cavity using an iris and the light is
fed back to C2. It seems that the presence of light from all cores gives more output
compared to the blocking of two of the core’s modes.
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Fig. 6.7: Longer sideband power measurement when the input is at C2. (a) Removing iris
in Fig. 6.6 and feeding light from C2 back to C1, C2 and C3 individually. (b) Using iris in
Fig. 6.6 to block modes from C1 and C2 so that modes from C2 is feedback to C2.

FWM is power dependent. For an input peak power between 170-300 W, FWM happens
in our fiber. But when the power exceeds 300 W, there occur other nonlinear processes in
the fiber including the continuum. We observe the rise in measured output power in the
oscillating mode with increase in the input power as shown in Fig. 6.8 (red curve). We
measured the power in the cavity when the field is not oscillatory (represented by the blue
curve in Fig. 6.8) which is due to other non-linear effects in the fiber at high power causing
broadening of the pulse. Fig. 6.9 are the output power measurement as a function of the
input peak power when different modes are coupled back to the fiber at output end in the
cavity. At a certain fiber length, different cores have different amount of nonlinearity
depending on the pump power and the fiber’s nonlinear length which is shown by black
curves in figure 6.9.
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Fig.6.8: Longer sideband power measurement when the light is launched at core C3 and
the light is fed back into the same core. Red curve represents the output power when field
is oscillatory in the cavity. Blue curve represents the power measurement when mirror M3
is blocked. Magenta curve the actual power extracted from the FOPO cavity. Inset is the
output spectra corresponding to power measurement for the red curve.



89

(a) 100 y y y g T (b) 120
C25C3 wms 7 C2C2
100
—~ 80F
| %
~_ 60f
3
& 40}
20+
0 S50 >0 L L
150 200 250 300 350 400 450
P, (W)
o
(c) 100 T
C2eCl W“M3/,
80| 55
/
e ]
2 60 # 4
£ / wiom3, >
S Y ’
(lg 40+ _d //
e ﬁcd minus black
20t
P _»
.

0 n 1
200 250 300 350 400 450
P, (W)

Fig. 6.9: Longer wavelength sideband power measurement when the light is launched in
core C2 and light is fed back in the cavity in (a) core C3 (b) core C2 and (c) core C1.

6.5 Summary

Producing FWM in a 3-core fiber near 1064 nm offered an opportunity to configure a parametric
oscillator using this fiber. Distributed FWM happens in a 3-core fiber due to interplay between
coupling length and the fiber’s nonlinear length as explained in chapter 4. We demonstrated a fiber
optical parametric oscillator using a triple core microstructure fiber for the first time to our
knowledge. We studied the effect of mode coupling in the output power obtained from the FOPO.
We measured the signal power for different mode coupling cases in the cavity and found that the
presence of more modes allows more power extraction from the system. Using multicore fiber is
advantageous not only because of the mode-coupling between modes from different cores but it is
important as the fields in the cavity can be controlled by controlling the light from different cores.
We modified the couple mode theory governing the pulse propagation in an optical fiber of our
type and established a gain relationship with the coupling coefficient. We also observed that the
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FWM is polarization dependent and therefore, it is crucial to consider the input polarization for a
maximum output power.



CHAPTER 7

FUTURE DIRECTIONS

While optical fiber has been a research subject of experimental investigation for more than
3 decades, it still shows promise for its future applications in telecommunication and other
fields. In recent days, the research in optical fiber is more focused onto multimode and
multicore fibers for their potential applications in ultrahigh-speed transmission and ultra-
high system capacity. In the thesis, we studied some of linear and nonlinear properties of a
triple core microstructure fiber and its use in parametric devices. Mode coupling in
multicore fiber can be disadvantageous as it may degrade the signal transmission. At the
same time, mode coupling can be utilized to reduce the GVD spread and transfer of energy
to the adjacent cores. Its application in parametric oscillator has been investigated
experimentally however, we have not yet fully understood the complex nature of mode
coupling which is elaborated in Fig. 7.1. Further works like understanding the effects of
mode coupling on the signal transmission, and gains from each core can be explored
further. MCF has several applications in building sensors, nonlinear imaging, squeezed
light generation, entangled photon pairs generation etc. We may require a special fiber
tailored to a particular application. But we can use the fiber we have to study how the gain
can be optimized with wavelength, power, polarization and cavity design. Below are some
of the examples of the future works that can be done using this fiber to understand the
working mechanism and tailorable parameters for gain optimization and efficient
performance.

7.1 Power measurement with different alignments

The experimental setup for the power measurement is similar to that described in chapter
6. Figure 7.1 is a schematic of a section of the experimental setup for the output power
measurement of the FOPO. The pump source is a mode locked Nd:Vanadate laser
operating at a wavelength of 1064 nm with 8 ps pulses at a repetition rate of 80 MHz. A 5-
m long 3-core microstructure fiber is placed in the cavity formed by the high reflector M3
and the front end of the fiber. Mirrors M1 and M2 are placed before the input end of the
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fiber to increase the light coupling into the fiber and a combination of half wave plate and
polarizing beam splitting cube works as an attenuator controlling the input light. Light
launched into one of the cores of a coupled-multicore fiber emerges out of all cores due to
the sharing of energy between the adjacent cores. At the fiber output end, the position of
the lens can be adjusted in such a way that the end mirror M3 will lie inside or outside of
the focal length of the lens as shown in diagram 7.1 (a) and (b). An iris can be placed in
the cavity after the lens to block two of the modes so that only one of the light modes will
be feedback in the cavity with the end mirror M3 as in figure 7.1 (c). A short-wave pass
(SWP) or long-wave pass (LWP) for the wavelength of 1064 nm can also be placed in the
cavity after the lens at an angular position of 45° so that the longer wavelength or shorter
wavelength is reflected and can be recorded at the output port. The signal or idler average
power can be measured by stopping pump using a notch filter at 1064 nm. The fields are
oscillating in the cavity with adjusted cavity length.

M3
A
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—_—
*>® =< %__*4 B
—
¢
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Fig. 7.1: Schematic of experimental setup of 3-core FOPO with different
arrangements for inter-mode coupling in the optical cavity. (a) mirror M3 placed
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within the focal length of the lens (b) mirror M3 placed outside of the focal length
of the lens (c) two of the modes blocked in the cavity.

7.2 Entangled photon pair generation for quantum optics applications

The standard method to generate entangled photons pairs is a parametric down conversion
in a nonlinear crystal in which a pump light is converted into two new photons. In recent
years, spontaneous four wave mixing in an optical fiber has gained much attention for the
entangled photon pair generation [77]. This is because of easier integration and networking
with the quantum networks using optic fiber. Moreover, manipulation of fiber parameters
and shifting of fiber dispersion can be done to generate photon pairs in desired spectral
region. Mode coupling in multicore fiber, which is a beam splitter operation when
considered quantum-optically, may provide interesting photon pair generation compared
with single-core systems. There are now three cores in which the entangled photons may
be born and three cores from which they might emerge. Diagram 7.2 is the schematic of
detection of photons generated by the spontaneous FWM in an optical fiber. The signal or
idler generated can be connected in a homodyne method in which signal interferes with a
coherent beam from external local oscillator (strong) at 50:50 beam splitter and generates
photo current at photodetector. These photo currents can be analyzed for the squeezed state
generation.

3-core
MOF filter i dichroic BS
— amplifier ¢ SPD2
S () -{—% sl i
idler

\ 4

SPD1 ' 7

Counter

Fig. 7.2. Schematic of the counting of photons generated by the SFWM in an optical fiber.
Dichroic beam splitter (dichroic BS) transmits signal and reflects idler. SPD: single photon
detector.
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7.3 Triple core fiber sensors

Because of the unique features like small cross section, tailorable dispersion, high
sensitivity, and adjustable physical parameters, a multicore photonic crystal fiber is widely
used in sensors that monitor temperature [78], pressure, curvature [79, 80], bends, liquid
flow, vibration and strain. The working of fiber sensors is based on principles such as fiber
Bragg grating (FBG), Brillouin scattering and interferometers (like Mach-Zehnder, Fabry-
Perot etc.). Multicore fiber shape sensors have also become an interesting research area for
shape sensing for medical applications due to its flexibility, and lightweight and MCF
offers more safety [81]. Use of spun multicore fiber in shape sensors helps in maintaining
an elastic behavior even at high twisting deformation resulting in efficient performance
with more accurate response [81]. The mode coupling in multicore fiber has been utilized
to realize fiber sensors with improved performance. Fengze Tan et al. demonstrated a
robust and stable torsion sensor based on the mode coupling among cores in a tapered
seven-core fiber with larger measurement range (160° — 940°) than other devices [82].
There is much opportunity to use MCF in sensors and to understand the role of mode
coupling on their performance.
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