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ABSTRACT

A growing interest on lasers operating in the eye-safe two micron spectral region
especially on dual-wavelength and pulse operations for a variety of applications
motivated this PhD work. The scope of this thesis focuses on the development of new
fiber lasers, which incorporates Thulium fiber as either gain medium or saturable
absorber. At first, all-fiber dual-wavelength 2 pum fiber lasers are demonstrated based on
three simple approaches; spatial filtering effect, inline microfiber Mach Zehnder
Interferometer (MMZI1) and multimode interference effect. The use of MMZI in the 2
um laser cavity, for instance, successfully generates two simultaneous laser lines at
1952.93 and 1956.68 nm with a signal to noise ratio of more than 35 dB by using a
cascaded commercial Thulium-doped fiber (TDF) and laboratory made double-clad
Thulium-Ytterbium co-doped fiber (TYDF) as the gain media. Then, various Q-
switched and mode-locked fiber lasers operating in 2 um region were demonstrated
using either the TDF or TYDF as the gain medium. Q-switched fiber lasers operating at
1949.0 nm and 1846.4 nm are successfully demonstrated based on nonlinear
polarization rotation (NPR) technique and multi-walled carbon nanotubes (MWCNTS)
saturable absorber (SA), respectively. A mode-locked fiber laser is also demonstrated
by using a TYDF as the gain medium and commercial graphene oxide (GO) paper as
SA. The mode-locked TYDFL has a repetition rate of 22.32 MHz and the calculated
pulse width of 1.1 ns. Besides amplification purpose, a Thulium fiber can also be used
as a SA in Erbium-doped fiber laser (EDFL) setups for both Q-switching and mode-
locking applications. A dual-wavelength Q-switched EDFL EDFL operating at 1551.64

nm and 1534.8 nm was also demonstrated using the solid state TDF as the SA.



ABSTRAK

Terdapat pertambahan minat terhadap laser yang beroperasi pada panjang gelombang
selamat mata 2-mikron terutamanya pada aplikasi laser denyut dan laser dua panjang
gelombang. Skop thesis ini memberi tumpuan kepada pembangunan laser gentian baru
yang menggabungkan gentian Thulium sebagai media pengganda atau penyerap boleh
tepu. Pertamanya, laser dua panjang gelombang pada 2-mikron ditunjukkan melalui tiga
cara mudah iaitu, melalui efek penapis ruang, ‘Mach Zehnder’ (MMZI) dan inteferens
pelbagai mod. Sebagai contoh, kegunaan MMZI di dalam kaviti laser 2 mikron telah
berjaya menjana dua laser sekaligus, iaitu pada 1952.93 nm dan 1956.68 nm, dengan
nisbah signal-to-noise (SNR) melebihi 5 dB dengan menggunakan gentian optic
Thulium (TDF) dan gentian optic terdop Thulium-Ytterbium (TYDF). Kemudian,
pelbagai laser gentian Q-suis dan mod terkunci yang beroperasi di panjang gelombang 2
um telah ditunjukkan menggunakan TDF atau TYDF sebagai media pengganda. Laser
gentian Q-suis yang beroperasi pada 1949 nm dan 1846.4 nm berjaya ditunjukkan
berdasarkan teknik pengutuban putaran tak malar dan karbon tiub nano berlapis dinding
penyerap boleh tepu. Laser gentian mod terkunci juga ditunjukkan dengan
menggunakan kertas graphene oxide sebagai penyerap boleh tepu dan TYDF sebagai
media pengganda. Frekuensi yang dijanakan adalah pada 22.32 MHz dan lebar denyut
yang dikira adalah 1.1 ns. Selain tujuan gandaan, gentian terdop Thulium juga boleh
digunakan sebagai penyerap boleh tepu di dalam kaviti laser Erbium untuk tujuan Q-
suis dan mod terkunci. Dua panjang gelombang Q-suis laser Erbium yang beroperasi
pada 1551.64 nm dan 1534.8 nm juga ditunjukkan dengan menggunakan TDF sebagai

penyerap boleh tepu.
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CHAPTER 1

Introduction

1.1  Background

Optics is a science that deals with the genesis and propagation of light, the
changes that it undergoes and produces, and other phenomena closely associated with it
(Inc., 2004). Since Euclid published his work: Katoptrik, several research works have
brought a new revolution to optics research, such as Newton’s “Opticks”, Huygens’s
work on wavelet, Maxwell’s equations, and Planc’s theory of light quanta. However the
birth of Laser triggered the biggest explosion of activities in optics. Laser was first
invented in 1958 and since then many new technologies based on lasers were
established for various applications. (Wu, 2005). It also opened several entirely new
fields for scientists, such as nonlinear optics, fiber optics, and opto-electronics, because
of its ability to generate an intense and very narrow beam of light of a single
wavelength. Numerous researches, patents, and businesses have been established upon
the applications of Lasers. Today instead of as a branch of fundamental physics, laser
researches have been involved in various other fields such as information technology,
medicine treatment, biological study, and entertainment.

The idea of laser originates from Albert Einstein’s theory on “Stimulated
emission” in which, when it encounters a photon, matter may lose energy by emitting an
exactly same photon. As a result the amplification of light is achievable under condition
of population inversion. In addition to the gain media, another essential element is
optical cavity in which the light can circulate and get amplified. As long as the gain is
larger than the losses, the power of the light in the laser cavity quickly rises. Significant
power output is thus achieved only above the so-called laser threshold that is the power

where the small-signal gain is just sufficient to compensate the cavity loss.



The first laser action is demonstrated by Theodore H. Maiman in 1960 at
Hughes Research Laboratories in Malibu, California (Maiman, 1960),using 2 cm long
ruby cylinder as the active gain medium. It used a flash lamp to pump the ruby rod to
generate laser lasing at 694 nm. However, Gordon Gould was the first person to use the
word "laser”. Interestingly, in 1962 the first diode laser was developed by Robert N.
Hall at the General Electric (Hall et al., 1962). It was a gallium-arsenide p-n junction
emitting at the wavelength of 842 nm. The development of powerful and efficient diode
laser has been essential for their use as pump sources. Meanwhile, the first visible
wavelength laser diode was demonstrated by Nick Holonyak Jr later in 1962. (Holonyak
Jr & Bevacqua, 1962). Since then laser physics has always been driven by a genuinely
scientific quest to extend existing limits such as higher power, shorter pulse, narrower
linewidth and new wavelength. Over the last fifty years, developments in the laser field
have occurred at a rapid pace. Many new lasers have been discovered, each with its own
special properties and applications, and their cost, performance, and practicality have all
shown dramatic improvement.

Recently a great deal of researches on the 2- um fiber laser have been conducted
using a Thulium-doped fiber (TDF) as the gain medium. The TDF laser (TDFL) has
drawn a great interest since it offers a possibility for combining high efficiency and high
output power with eyesafe operation. In addition, it suggests a number of specific
applications associated exclusively with its infrared wavelength, e.g. in the fields of
remote sensing and biomedicine (Harun et al., 2012; Harun et al., 2012; Jiang, 2011;
Zhang et al., 2011). The TDFL was firstly discovered by Hanna et al. in 1988 with a
797 nm dye laser as the pump source (Hanna et al., 1988). Meanwhile, the first 2 um Q-
switched TDFL was carried out in 1993 by acousto-optic modulator (Myslinski et al.,
1993). This thesis aims to investigate and demonstrate two applications of Thulium

fiber as a gain medium and saturable absorber (SA). In this work, various 2 micron fiber



lasers operating in CW, Q-switching and mode-locking modes are proposed and
demonstrated. Various Q-switched Erbium-doped fiber lasers are also demonstrated

based on TDF SA.

1.2 Motivation

A growing interest on lasers operating in the eye-safe two micron spectral region
for a variety of applications motivated this research work. Recently a great deal of
researches on the 2-micron laser have been conducted in both solid-state laser and fiber
laser field because of its wide applications in medicine, remote sensing, lidar, range
finder, and molecular spectroscopy (Esterowitz, 1990; Henderson et al., 1993; Miazato
et al., 2000; Stoneman & Esterowitz, 1990). The strong absorption by water and the
weak absorption by human tissues at 2 um also nominate it as an ideal wavelength for
biological and medical applications including laser angioplasty in the coronary arteries,
ophthalmic procedures, arthroscopy, laparoscopic cholecystectomy and refractive
surgeries. In addition, other features of 2 pum laser such as the lower atmospheric
absorption, smaller scattering and “eye-safe” property make the wavelength desirable
for material processing, ranging, low altitude wind shear and remote sensing, which
includes Doppler lidar wind sensing and water vapor profiling by differential absorption
lidar (DIAL). Such wavelength is also an ideal pump source for mid-infrared optical
material.

All-fiber dual-wavelength fiber lasers have also gained a great attention in recent
years due to their potential applications in microwave photonics, fiber sensing systems,
optical instrument testing, and optical signal processing (Ahmad et al., 2009; Chan,
1997). Up to date, various methods have been suggested and demonstrated to achieve a
dual-wavelength lasing operating in the region of 1 and 1.5 pum. These are the
techniques that involve a dual-cavity configuration or a twin-peak reflection grating.

However, for the longer wavelength region of 2 um, the fiber components in need are



not as readily available as those suitable for the generation at 1.00 um or even 1.55 pum.
Very recently, Zhang et. al. have demonstrated a dual-wavelength solid-state microchip
Tm, Ho:YVO4 laser that simultaneously operates at 2041.3 and 2054.6 nm (Zhang et
al., 2010). Due to its compactness and robustness, an all-fiber laser able to generate in
the 2 um band is still urgently expected to materialise. In this thesis, at first, we aim to
develop a room-temperature all-fiber dual-wavelength fiber laser operating near 1900
nm by using a homemade filter.

Likewise, pulsed lasers are used in a variety of applications, ranging from
optical communications (Rulliere, 2005) to medical diagnostics (Dausinger et al., 2004)
and industrial materials processing (Fermann et al., 2002). Development of new gain
medium and saturable absorber technologies (Keller, 2003, 2004; Keller, 2010) have
changed the outlook of Q-switched and ultrafast lasers over the past two decades. These
advances, in particular the realization of new saturable absorbers, have pushed the
applications of both Q-switched and mode-locked lasers to a realm broader than ever
before. Q-switched and mode-locked fiber lasers demonstrated up to date are usually
achieved using nonlinear polarization rotation (NPR) (Liu et al., 2011; Liu et al., 2008)
semiconductor saturable absorbers (SESAMSs) (Huang et al., 2009; Ji et al., 2007) and
single-walled carbon nanotubes (SWCNTSs) (Harun et al., 2012; Solodyankin et al.,
2008) and graphene (Sun et al., 2010; Wei et al., 2012). These approaches are well-
known and have been established over the years. Nevertheless, NPR induced lasers tend
to be environmentally unstable and difficult to provide self-starting pulsed operation.
SESAMs are complex quantum well devices, typically fabricated by molecular beam
epitaxy on distributed Bragg reflectors. Furthermore, lasers assisted by SESAMs suffer
from relatively narrowband operation. Lasers produced with the use of SWCNTs and
graphene saturable absorbers are known to show distinct advantages in their ultra-fast

recovery time and wide absorption bandwidth. Therefore, in this thesis, various Q-



switched and mode-locked fiber lasers are proposed and demonstrated based on new
materials and technologies.

To date, only a few works on the generation of pulsed fiber laser near 2 pm
wavelength region have been reported. For instance, Wang et. al. (F. Wang et al., 2012)
reported a Q-switched generation with maximum pulse energy of 69 nJ and a repetition
rate of 26 kHz using 1560 nm CW laser source and graphene saturable absorber (GSA).
More recently, Jiang et. al. (Jiang et al., 2013). Achieved laser with a short pulse
duration of 760 ns and a repetition rate of 202 kHz using graphene transferred to the HR
mirror as SA. Works on GSA based Q-switched TDFLs are mostly related to free-space
arrangement (Wang et al., 2012) and linear configuration (Lu et al., 2013). In this thesis,
Q-switched 2 micron fiber lasers are proposed by using new passive saturable absorbers
based on multi-walled carbon nanotubes (MWCNTS) and graphene oxide.

While constructing carbon nanotubes and graphene based SAs are relatively
simple and cheap, they have a low damage threshold and thus limit the attainable pulse
energy. Modulation of the Q-factor can also be realized using solid-state SA fibers
(Dvoyrin et al., 2007; Kurkov et al., 2009; Tsai et al., 2009). The advantages of the fiber
based SA are their relatively high damage threshold for high-power Q-switched pulses
as well as their ability to hold enormous gain excited in the fiber from lasing. Only a
few SA fibers have been demonstrated up to now in the literature, and most are for
Ytterbium-doped fiber lasers (Dvoyrin et al., 2007; Kurkov et al., 2009). It is reported
that Thulium fiber has a very broad emission wavelength range, from 1.6 to 2.1 um, and
an absorption band from 1.5 to 1.9 pm due to the energy transition between *Hg and °F4
energy levels. Furthermore, the absorption cross section of TDFs are larger than the
emission cross sections of Erbium-doped fiber (EDF) at 1.6 um region, suggesting a

possible realization of a passively Q-switched EDF laser (EDFL) using a TDF as a



passive SA. In this thesis, we have also proposed Q-switched EDFLs by using a solid

state Thulium fiber SA as a Q-switcher.

1.3 Thesis Objectives
The scope of this thesis focuses on the development of new fiber lasers, which
incorporates Thulium fiber as either gain medium or saturable absorber. To achieve this,

few objectives have been proposed to guide the research direction, i.e.:

1. To develop new all-fiber dual-wavelength 2um fiber lasers using commercial
Thulium-doped fiber (TDF), a newly developed Thulium-Ytterbium co-doped fiber
(T'YDF) or both fibers as the gain medium

2. To develop Q-switched and mode-locked fiber lasers operating in 2 micron region
using both artificial and passive saturable absorbers as Q-switcher or mode-locker.

3. To develop Q-switched EDFLs operating in both single- and dual-wavelength

modes using a short piece of TDF as a passive saturable absorber.

1.4  Thesis Overview

In this thesis, we focus on the study of two applications of Thulium fiber as gain
medium and SA. In this work, two types of Thulium fibers were used; a commercial
Thulium-doped fiber (TDF) and a newly developed Thulium-Ytterbium co-doped fiber
(TYDF). This thesis is arranged into six chapters, where the background, motivation
and objective of this study are described in this chapter. Chapter 2 devoted to some
fundamental and literature review of fiber lasers especially on Thulium fiber laser and
Thulium Ytterbium co-doped fiber as well as the discussion on pulse generation based
on Q-switching and mode-locking and saturable absorber. The important graphene and

carbon nanotubes characteristics are also discussed in this chapter.



Chapter 3 focuses on demonstrating all-fiber dual-wavelength 2 um fiber lasers
based on three simple approaches; spatial filtering effect, inline microfiber Mach
Zehnder Interferometer (MMZI) and multimode interference (MMI) effect. Spatial
filtering effect is the simplest approach where the mismatch at the splicing points of a
TDF is used to generate mode-beating. By pumping the gain medium with an 800 nm
laser and controlling the phase mismatch at the splicing points of a TDF, the two output
lines are obtained at 1844.8 and 1852.0 nm in a TDFL setup. A homemade inline MMZI
is used to generate dual-wavelength fiber laser operating in 1955 nm region using a
cascaded commercial TDF and homemade double-clad TYDF as the gain medium. The
MMI filter is fabricated by using a 13.5 cm long multimode fiber (MMF), which axially
spliced at both its ends to identical single mode fibers. By using a TDF and homemade
double-clad TYDF as gain media, an all-fiber dual-wavelength fiber laser operating at
1939.68 and 1959.60 nm is realized by using the filter in the ring configuration.

In chapter 4, various Q-switched and mode-locked fiber lasers operating in 2
micron region were demonstrated using either commercial TDF or a newly developed
TYDF as the gain medium. In this work both artificial and passive saturable absorbers
were used as Q-switcher or mode-locker. At first, a Q-switched fiber laser operating at
1949.0 nm is demonstrated based on nonlinear polarization rotation (NPR) technique.
Then, a simple, compact and low cost Q-switched TDFLs operating at 1846.4 nm are
demonstrated by exploiting a MWCNTSs polymer composite film as the SA. A mode-
locked fiber laser is also proposed and demonstrated in Chapter 4 by using a TYDF as
the gain medium and commercial graphene oxide (GO) paper as SA.

Chapter 5 demonstrates the application of Thulium fiber as a SA. Various Q-
switched EDFLs are proposed and demonstrated by using a short piece of TDF as a
passive SA in a ring laser cavity. A dual-wavelength Q-switched EDFL was also

demonstrated using the solid state TDF as the SA The finding of this work is



summarized and concluded in Chapter 6. Various potential future works are also

suggested in this chapter.



CHAPTER 2

Literature Review

2.1  Optical fiber fundamental

Optical fiber has been extensively utilized in modern telecommunications. Since
reasonably low loss optical fiber, 20 dB/km was reported in 1970 (Kapron et al., 1970)
the loss of silica fibers continued to be reduced by improvement of fabrication methods
(Okoshi, 1982) and nowadays optical fibers with propagation loss of less than 0.15
dB/km are ready available. Due to its guiding structure and intrinsic small propagation
loss, optical fiber enables to carry signals to distant place with way small number of
amplification compared to conventional electric wire communication networks. Figure
2.1 shows a schematic diagram of a typical standard optical fiber, which consists of a
core and a cladding. The core has slightly higher index of refraction than the cladding as
shown in the figure. Thus light launched in the core can be confined in the core by total

internal reflections and propagate along the fiber.

Cross section Side view A Index profile
Core
b | e —
Y
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Figure 2.1: Schematic diagram of a step index optical fiber

Light can propagate in the core at different propagation modes depending on

dimension, index profile of the optical fiber, and wavelength of the light. For a weakly



guiding fiber, there is a simple measure to find whether the fiber is able to confine one
mode or more than one mode (Okoshi, 1982) It is called v-number or the normalized

frequency, and expressed as following.
v =kna+v2A (2.1)

where k=2z/4, A is a wavelength of the light, a is a radius of the core,
A=(n,—n,)/n,, and n, and n, are core and cladding refractive indexes, respectively.

In general for a single mode operation, v < 2.405 must be satisfied. If v is greater than
2.405, the fiber is able to confine more than one mode. According to Eq. (2.1), it is
easily understood that for a single mode operation either the core size or the index
difference between core and cladding, A, needs to be small enough to satisfy the
condition v < 2.405. Otherwise the fiber will be able to confine more than one mode.
For telecommunication it is suitable to use a single mode fiber because a single mode
fiber is able to avoid modal dispersion that distorts a signal during transmission
although the core size will be relatively small and more difficult to launch light into the
core and connect fibers each other. On the other hand, for applications, such as welding,
that requires higher power but less modal quality of the output beam, a multimode fiber

might be suitable.

Some of the advantages of optical fibers include light weight, immunity to
electromagnetic interference, and nearly impossible to tap. In terms of
telecommunication, it is important that optical fiber’s attenuation is independent of the
modulation speed differently from copper wires. It is also an advantage that the carrier
frequency of optical fibers is quite high, ~190 THz at 1.55 um wavelength because

signal with higher modulation can be transmitted.

Optical fiber’s excellent guiding structure is also attractive for laser applications.

Actually in 1961, one year later than the first demonstration of a ruby laser, a fiber laser
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was proposed and demonstrated by Snitzer (Snitzer, 1961A, 1961B). Fiber lasers are
lasers that have at least optical fibers as gain media. Typically the gain medium is an
optical fiber doped with rare earth elements such as erbium, ytterbium, neodymium,
thulium, holmium etc. Fiber nonlinearities, such as stimulated Raman scattering or four-

wave mixing can also provide gain and thus serve as gain media for a fiber laser.

2.2  Brief history of fiber laser

The laser is often grouped with the transistor and the computer as landmark
inventions of the mid-20th century (Hecht, 2010).The invention of the laser trigged the
development of new technologies such as fiber-optic, optoelectronics and sensors. This
development has been affecting almost every aspect of our lives and has been pushing
forward the progress of other scientific fields, such as communication, medical research,
information technology, biological science, etc.. The first laser was demonstrated by
Theodore H. Maiman at Hughes Research Laboratories in Malibu, California in 1960
(Maiman, 1960). Maiman used a flash lamp in his experiment to pump ruby crystal and
generates laser in a visible wavelength. After this demonstration, a large variety of
lasers were developed using different materials including helium neon (He-Ne) (Javan
et al.,, 1961), Nd:YAG (Geusic et al., 1964), dye (Sorokin & Lankard, 1966), CO,
(Patel, 1964), Argon lon (Bridges, 1964), neodymium crystal (Johnson, 1962), semi-
conductor (Hall et al., 1962), quantum well (Dingle & Henry, 1976), titanium sapphire
(Moulton, 1986), etc. The earliest form of fiber laser was also developed by Snitzer et.
al. in 1964 (Koester & Snitzer, 1964).
A fiber laser is an oscillator using an optical fiber as active medium in the cavity. The
core of the fiber is doped with rare-earth elements such as erbium (Er), ytterbium (Yb),
neodymium (Nd), dysprosium (Dy), praseodymium (Pr), thulium (Tm), holmium (Ho),
and different synthesizers of these elements. Compared with other lasers, fiber laser has

a lot of attractive advantages, including outstanding heat-dissipating capability, good
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beam quality, compactness, robust operation and free of alignment, etc. Fiber lasers
have been investigated and developed for more than fifty years. Laser researchers have
always been working on building and developing better and cheaper fiber lasers: new
operating wavelength, narrower linewidth (single frequency), shorter pulse duration,
higher power/energy, etc.

A thulium has gained interest as a potential laser ion, for emission wavelength in
the range of 1.4-1.5 and 1.9 - 2.1 um regions. The first thulium doped silicate glass laser
was demonstrated in 1967 (Gandy et al., 1967). However, thulium was never used for
fiber lasers until the year of 1988 when the first thulium-doped fiber laser (TDFL) was
reported. In the experiment, the Thulium-doped fiber (TDF) was pumped with a dye
laser at 790 nm to achieve a few 10’s of mW of power (Hanna et al., 1988). At first,
TDF began to draw attention for the many other emission wavelength bands in both the
S-band for telecommunications and in a blue upconversion band (Allen et al., 1993;
Grubb et al., 1992). These fibers tend to be implemented in fluoride (ZBLAN) fibers.
The first watt level TDFL operating in 2 micron region was quickly demonstrated soon
after the first TDFL (Hanna et al., 1990), by simply scaling up pump power at the
readily available Nd:YAG pump band of 1064 nm. This laser used a single clad TDF in
conjunction with direct core pumping. The first mode-locked TDFLs were reported in

1990’s (Nelson et al., 1995; Sharp et al., 1996).

2.3  Thulium-doped fiber laser

Interest in the Thulium-doped fiber laser (TDFL) originates from its emission
band in the range of 1400-2700nm lying between the bands of Er** and Nd** ions. Since
the advent of double-cladding configuration of fiber and the recent technological
development of high-power laser diodes, output power (performance) of Tm**-doped
fiber lasers has scaled exponentially. Up to date, the maximum output achieved in

Tm**-doped fiber lasers has been comparable with that from Yb*'-doped fiber lasers.
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Laser beam in the 2 micron wavelength range has wide applications. First, it is a good
candidate in laser microsurgery due to high absorption of water in this spectral region
thus can provide high-quality laser tissue cutting and welding. In addition, this
wavelength-range laser has potential applications in environment monitoring, LIDAR,
optical-parametric-oscillation (OPO) pump sources, and so on. (Esterowitz, 1990;
Henderson et al., 1993; Myslinski et al., 1993; Stoneman & Esterowitz, 1990).

For obtaining laser emission in the mid-infrared wavelength region, the
Thulium-doped fiber (TDF) is an excellent candidate due to several unique advantages
it possesses. First, the TDF has a strong absorption spectrum that has good overlap with
the emission band of commercially available AlGaAs laser diodes, which have been
significantly developed and are being developed with an unprecedented speed. Second,
the specific energy-level structure of Tm*" ions provides the TDFL with a special
advantageous energy transfer process; the *Hs + *Hg — *F4 + *F4 cross relaxation
process. In this process, two excited state ions can be obtained with depletion of just one
absorbed pump photon. With an appropriately high doping level, the cross relaxation
process can offer a quantum efficiency close to two, which greatly improves the
efficiency of the TDFL. Thirdly, the TDF has a very broad emission band, spanning
over more than 400 nm. This feature offers the TDFL an especially high-degree
wavelength tunability, which is very useful in applications such as spectroscopy,
atmospheric sensing and so on.

For laser ions, the combination of the energy gaps between the excited level and
the one just below it and the maximum phonon energy (MPE) plays an important role in
the non-radiative relaxation rate, which in turn has a significant influence on the laser
efficiency originated from the excited states. For Tm*" ions, different host materials
show a great difference in the maximum phonon energy (MPE) value. Two most

common host materials used for Tm®" fibers are silica and fluoride glass. Their MPE

13



differs about several times, being 1100 cm-1 (silicate) and 550 cm-1 (fluorides),
respectively.(Vodopyanov, 2003). Large MPE of the silicate glass fiber limits its
infrared transparency range less than 2.2 pm and improves its multi-phonon relaxation
rates. Therefore, fluoride fibers are preferred as the host material for Tm*" ions to
achieve comparatively longer-wavelength emission. In TDFLs, the *F, — *Hg transition
is usually exploited to achieve the ~2 um high-power laser output. This transition can
produce a very wide emission band, providing a broad tuning range for lasers and a
wide optical bandwidth for amplifiers. However, the relaxation of the °F, level is
predominantly non-radiative. The measured lifetime of the °F, level for Tm*" doped
silica fiber is just 0.2 ms (Hanna et al., 1990) showing a high non-radiative rate thus low
quantum efficiency. Therefore, TDFLs usually have high laser thresholds. On the
contrary, fluoride based TDFLs have comparatively lower thresholds due to a low MPE.
The high non-radiative rate, however, does not impair laser slope efficiency, because
stimulated emission will dominate non-radiative relaxation once the laser has been risen
above threshold. Due to high damage threshold and the very effective modified
chemical vapor deposition (MCVD) technique for fiber fabrication, silica based TDFs
are usually chosen to construct high-power 2 pum fiber lasers.

TDFs can be either core pumped or cladding pumped. In the past, the fiber laser
was usually core pumped. The fiber core areas are generally <100 pm which limit the
power scalability because this method depend on expensive high-beam-quality pump
sources. Since the invention of double cladding fiber configuration with a larger
cladding area >10000 pum together with a high numerical aperture (NA) of 0.3-0.55,
output power of Tm**-doped fiber lasers can be greatly improved by use of high-power
diode-arrays as pumping sources. In the design of fibers for cladding pumping, the core
of the fiber is usually made small (such as less than 5 microns) to guide a single-

transverse mode (LPo;). The cladding generally has a much larger cross section
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(several-hundred-micron diameter) for high-power launching, and the shape of the
cladding can be flexible with novel consideration. The shape of the inner cladding of the
fiber has a great impact on the absorption efficiency of launched pump light. In the past,
the inner cladding is used to be circularly symmetric, which can be drawn with ease and
is compatible with the pig-tail fiber of the pump laser diode. However, the circular
symmetry will make large portion of the pump light to be skew light, greatly reducing
the absorption efficiency of doping ions. In order to improve the utility efficiency of
pump sources, and take the pump light shape into account (compatible with the inner
cladding shape), various double cladding fiber structures are invented, by using these
double cladding fibers, the pump efficiency is significantly enhanced.

Figure 2.2 shows the absorption spectrum of a Thulium-doped silica fiber
(Agger et al., 2004).As shown in the figure, the fiber has strong absorption near 790 nm,
which has good overlap with the emission band of present fully developed AlGaAs
diode lasers. This feature of the TDFL makes the pump process comparatively easier
and less expensive, offering an exciting potential for power scaling in the 2 pm
wavelength range. Besides 790 nm pumping, we can also use 1200 nm and 1550 nm

pumping schemes for the TDFL.
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Figure 2.2: Absorption spectrum of a silica-based TDF (Agger et al., 2004).

Figure 2.3 shows the simplified energy-level diagram of Tm®" ions. As shown in
the diagram, the pump light at ~790 nm excites Tm3+ ions from Hsg to *H,, which then
non-radiatively decay to the upper laser level of °F4 with a fluorescence lifetime of 0.55
ms (Gandy et al., 1967). The transition from °F4; — *Hs will radiates photons at
wavelength of ~2 pm due to large Stark splitting of the lower laser level (the ground

state level), the TDFL is a quasi-four-level system.

16



. 3H
A . 4
Pump at - Nonradiative
790 nm i decay
Y 3H5
Nonradiative
- decay
\"4 31:4
[aser transition
at ~2 um
\ 4
3H6
Tm?*

Figure 2.3: The simplified energy-level diagram of Tm3+ ions.

2.4  Thulium-Ytterbium co-doped fiber (TYDF)

Figure 2.4 shows a simplified energy level diagram of energy transfer between
ytterbium-thulium ions. The Yb3+ ions absorbs 980 nm pump light to excite from
ground level 2F7, to ?Fs, level. Energy transfer occurred between Yb** to Tm** through
radiative emission and Yb** decayed to ground level again. Tm** at the ground level
absorbs the transferred energy and excites to *Hs but decay instantly to metastable state
3F, through non-radiative emission. 2um laser is obtained electronic transition from

level *F, to ground level *He.
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Figure 2.4: Energy diagram of Yb*" and Tm®* system with energy transfer from Yb** to Tm*"

(black dashed arrow), showing absorption (black solid arrow), luminescence emission (blue
dashed arrow), non-radiative emission (wavy dashed blue arrow) and the expected 2um laser

emission (red dashed arrow).

2.5  Q-switching

Q-switching is a simple and well-known technique for achieving energetic short
pulses from a laser by modulating the Q-factor of the laser resonator. The term Q
represents the quality of the laser resonator which contains information regarding the
cavity losses. The Q-factor portrays the ability of a laser cavity to preserve its energy. A
higher Q indicates a lower intra-cavity loss. The Q-switching phrase describes the idea
of switching the laser configuration from a low to high Q to create short pulse duration.
In general, Q-switching technique generates pulses with durations typically in the range

of microseconds to nanoseconds. The Q-factor value is defined as (Xinju, 2010).

Q= ZﬂVO( W ] (2.2)

energy lost per second
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Where v, is laser’s central frequency and W is energy stored in cavity. Energy lost per

second is given by ﬂl_c , Where ¢ is the energy loss rate for single-path propagation of
n

light in the cavity, c is the light velocity, n is the refractive index of the medium and L is

the length of the resonator. Thus, the above equation can be simplified as;

W 2L
Q=2xv, 5WCnL = 5, (2.3)

where 4, is a laser wavelength in the vacuum. From the above equation, it is clearly

indicated that the Q-factor value is inversely proportional to the resonator loss (o)

when the value of 4 ,and L are definite. It is also found that to change the threshold of

the laser, we could suddenly change the loss (8) of the resonator or Q-factor value.

The Q-switch operation is a simple approach that uses a certain methods to
change the Q value of the resonator to vary with time in accordance with a definite
procedure which involves rate equation of the gain medium. When the losses of a
resonator are varied, the resonator Q-factor is also varied, resulting in a so-called Q-
switched operation. The intra-cavity loss-modulation can be performed actively using,
for example, modulators, or passively with saturable absorbers. Originally, the Q-factor
is kept at low level (i.e. high losses), preventing any potential for lasing. The gain
medium provides an accumulation of spontaneous emission in the cavity by constant
pumping; thus energy is stored. At the moment that the Q-factor is suddenly switched to
a high level and the desired amount of energy is stored, spontaneous emission grows
into lasing and a laser pulse starts to build up in the laser cavity. The pulse grows
stronger until the gain equals the losses. When the pulse peak power is reached and
depletes the gain completely, the laser is no longer able to oscillate. The Q-switched is
open again (low Q), and the process starts from the beginning to build up more

inversion for the next consecutive pulse. It is useful to have a long upper state lifetime

19



of a gain medium in order to store gain, therefore it does not disappear as fluorescence

emission before the Q-switched is opened (Digonnet, 2002).

Q-switched fiber lasers can be achieved by either active or passive approaches.
In active Q-switching, an external modulator is employed to modulate the losses in the
laser cavity and thus control the output characteristics of the generated pulsed. (El-
Sherif & King, 2003; Kee et al., 1998; Riesbeck & Lux, 2009; Shang et al., 2012). In
passive Q-switching, no external modulator is required where the cavity loss is
modulated by saturable absorber (SA). Various types of SA such as transition metal
doped crystals (Pan et al., 2007; Philippov et al., 2004) SESAMs (Huang et al., 2009;
Paschotta et al., 1999) single-walled carbon nanotubes (SWCNTSs) (Dong et al., 2011;
Harun et al., 2012; Liu et al., 2013; Song, 2012) graphene (Wei et al., 2012; Zhang et
al., 2012), graphene oxide (GO) (Ahmad et al., 2012; Yap et al., 2013) and reduced
graphene oxide (rGO) (Jiang et al., 2011; Sobon et al., 2012; Yap et al., 2012) can be
used to realize a passively Q-switched fiber laser. The SA transmission or reflection
depends on the light intensity where the low light intensity will be absorbed by the
material and the high light intensity will be released depending on the material recovery
time. SA can also be exhibited artificially by polarization effect such as nonlinear
polarization rotation (NPR) (Liu et al., 2011; Wang et al., 2011; Zhang et al., 2008).
Compared to mode-locking, Q-switching requires less control of cavity parameter and
thus it is normally more efficient in term of cost, operation and implementation (Popa et

al., 2010).

2.6 Mode-locking

Another method to obtain ultra-short pulses from a fiber laser is by mode-
locking technique. The mode-locked laser is achieved when the longitudinal modes are

locked in a fixed relationship through constructive interference and destructive
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interference at other points generating coherence to form pulses of light. Figure 2.5
shows three longitudinal waves that interfere constructively to produce a total field
amplitude and intensity output that has characteristic of repetitive pulse nature and the
laser is considered to be mode-locked. When more modes are locked together, narrower
pulse width is produced. When a single pulse is circulating a ring cavity, superposition

of longitudinal modes produces a pulse with a period, T, which is given by:

T-— (2.4)
C

where n is the refractive index, L is the length of the cavity and c is the speed of light.

Intensity (1)

A

Figure 2.5: Superposition of three longitudinal modes leading to repetitive pulse
generation
The cavity arrangement for a mode-locked laser is usually much more
complicated than Q-switched laser because the ultra-short pulse generation involves
dispersion, self-phase modulation (SPM), cross phase modulation (XPM) and etc

(Agrawal, 2001). The repetition rate of the generated pulse train is determined by the
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cavity length of the laser, and for laser with ring cavity the relation is given by (Hasan et
al., 2011).

A==t (2.5)

Typically the repetition rate of a mode-locked laser is in the range of Megahertz and the
pulse width is ranging from nanosecond to femtosecond. Mode locked fiber lasers can
be realized by two approaches: active and passive. Active mode locking involves the
periodic modulation of the resonator losses or of the round-trip phase change. In
practice, it is achieved by using an external modulator as shown in Figure 2.6. The

major disadvantage of the active mode-locking is that it has a complicated setup and

very bulky.

Gain
medium

Modulator

Figure 2.6: Schematic setup of an actively mode-locked laser

Passive mode-locking techniques do not require an external source to produce
pulses. They use the light in the cavity to cause a change in some intra-cavity element,
which will then itself produce a change in the intra-cavity light. It is commonly
achieved by using a passive SA (Bao et al., 2009) such as SESAMs, SWCNTs,
graphene and GO. The passive mode-locked fiber laser is capable to generate a much
shorter pulses than that of the active technique. This is due to the employment of SA,

which can modulate the resonator losses much faster than an electronic modulator: the
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shorter the pulse becomes, the faster the loss modulation, provided that the absorber has
a sufficiently short recovery time. Figure 2.7 shows a schematic setup of a passively
mode-locked laser, which uses a SESAM. In this thesis, the major interest is to
demonstrate Q-switched and mode-locked fiber lasers by employing various passive
SAs such as multi-walled carbon nanotubes, graphene oxide paper, NPR and solid state

thulium fiber.
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Figure 2.7: Schematic setup of a passively mode-locked laser.

2.7  Saturable Absorber (SA)

A saturable absorber (SA) is an intensity dependent material which possesses
saturable absorption behavior. Saturable absorption refers to the condition where high
intensity light bleaches a material and reduces the absorption (Yamashita, 2012). In
other word, the SA absorbs any low intensity light while allowing higher intensity light
to pass through with less attenuation. Consider a simplified 2 level energy system of a
material, which consists of ground state and upper state. When the incident optical
intensity is low, the material absorbs the incoming light, resulting in transition of atom
from ground state to upper state. However, majority of the atoms are still in the ground
level. When the incident intensity is high, a large number of atoms will be excited into

the upper level such that there is inadequate time for them to decay back to the ground
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state before the ground state becomes depleted. Eventually, the absorption finally

saturates and ceased.

The absorption coefficient is given by the following equation (Yamashita,

2012):

(2.6)

I . .
where «, /[1+ I—] and o, are the saturable and unsaturable absorption, respectively.

S

a, is the linear absorption coefficient. | and I are the optical intensity and saturation

intensity respectively. Saturation intensity is defined as the optical intensity required in
a steady state to reduce the absorption to half of its unbleached value. We describe the
saturation intensity I as:

I, _hv (2.7)
oT

where hv is the photon energy, o is the absorption cross section from ground state to

upper state and t is the recovery time. Recovery time is the return of the atom
population to the ground state.

The main application of the SA is in generating short pulses through Q-
switching and mode-locking processes. The important parameters of a SA are such as
saturable and non-saturable absorption, modulation depth, saturation intensity,
saturation fluence, recovery time and damage threshold (Jung et al., 1997). Popular SAs
in the past were dyes. (Bradley & O'neill, 1969). But, they often had high toxicity and
degradation problem under high power of laser pulses. The commonly used saturable
absorbers now are semiconductor saturable absorber (SESAM) (Chen et al., 2009;
Moghaddam et al., 2011), graphene (Sotor et al., 2012) and carbon nanotubes (CNTS)

(Going et al., 2012; Set et al., 2004). In this PhD work, we introduce and demonstrate a
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pulse generation using a low cost and simple SA based on multi-walled carbon

nanotubes (MWCNTS) and graphene oxide paper.

2.8 Carbon nanotubes

Carbon nanotubes (CNTSs) are an allotrope of carbon, which takes the form of
cylindrical carbon molecules. They have novel properties that make them potentially
useful in a wide variety of applications in nanotechnology, electronics, optics and other
fields of materials science. There are basically two main types of carbon nanotubes as
shown in Figure 2.8, according to the numbers of graphene cylinders in their structure:
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes

(MWCNTS).

SWCNT MWCNT

Figure 2.8: Schematic of a (a) SWCNT and (b) MWCNT (Lacerda et al., 2007)
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SWCNTSs can be viewed as a graphene sheet rolled into a cylinder which is
terminated by two half-fullerene caps. The diameter of these species typically ranges
from 0.7 nm to 2.5 nm, and their aspect ratio can be as high as 10°-10°. These very
strong confinements along their circumference make them behave like 1-D materials
(Dresselhaus et al., 2001; Jorio et al., 2007; Léonard, 2009). On the other hand,
MWCNTs are elongated hollow cylindrical nano objects made of sp? carbon (Andrews
et al., 2002; Forro & Schoenenberger, 2001; Lehman et al., 2011). Their diameter is 3—
30 nm and they can grow several cm long, thus their aspect ratio can vary between 10
and ten million. The wall thickness of a MWCNTSs is fairly constant along the axis, and
therefore the inner channel is straight. MWCNTSs can be distinguished clearly from
SWCNTSs on the basis of (i) their larger diameter and (ii) their Raman spectrum. A
major difference between MWCNTs and SWCNTSs is that the former are stiff, rigid,

rod-like structures whereas single-walled carbon nanotubes are flexible.

2.8.1 Synthesis of SWCNTs and MWCNTSs

SWCNTs and MWCNTSs can be prepared using a broad variety of synthesis
methods such as arc discharge (Colbert et al., 1994; Jong Lee et al., 2002) laser ablation
(Guo et al., 1995; lijima et al., 1996; Thess et al., 1996; Wakabayashi et al., 1997),
chemical vapour deposition (CVD) methods (Fan et al., 1999; Kind et al., 1999) and
catalytic chemical vapour deposition (CCVD) methods (Bajwa et al., 2008; Ivanov et
al., 1994). In this work, the MWCNTSs are purchased from cheap tubes Inc. in form of
dry powder synthesis by catalytic chemical vapour deposition CCVD technique. The
tubes have an outer diameter and a length distribution in a range of 10-20 nm and 1-2
um, respectively. The purity of the MWCNTs is >99 wt%. The sample was used as per

received without any further purification process.
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2.8.2 Spectroscopic properties of carbon nanotubes

Raman spectroscopy has rapidly become a pivotal technique for studying carbon
nanotubes (Bommeli et al., 1997; Jishi et al., 1993; Kastner et al., 1994; Tanaka et al.,
1994). Figure 2.9 shows the typical Raman spectrum of SWCNTs sample, which
indicates various Raman-active vibrational modes. The lowest frequency mode (= 100-
400 cm™) is known as the radial breathing mode (RBM), which is obtained due to an
isotropic stretching vibration that occurring in the radial direction perpendicular to the
tube axis. (Jorio et al., 2007; Rao et al., 1997). The RBM frequency varies inversely
with nanotubes diameter (Rao et al., 1997) and thus it can be used to optically determine
the size of the SWCNTSs. The energy at which the RBM Raman intensity reaches a
maximum corresponds to the incident and scattered photon resonances with the
SWCNT optical transition. Thus, the optical transition energy of the SWCNTSs structure
could also be determined from the RBM spectrum (Doorn et al., 2004; Fantini et al.,

2004; Maultzsch et al., 2005; Telg et al., 2004).
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Figure 2.9: Typical Raman spectrum of a SWCNTs sample (Jorio et al., 2003)
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The G-band vibration is shown at around 1550-1600 cm’. This intense
vibration is common to all sp?-hybridized carbon. It is isotropic in graphene but
anisotropic in carbon nanotubes due to the curvature induced inequality of the two
bond-displacement directions which causes the phonon to split into two, the G* and G~
peaks. Because of the splitting of the G-band into two separate but related modes, the
overall line shape and intensity of the G-band can identify whether the tubes undergoing
resonance with the excitation laser are metallic or semiconducting (Brown et al., 2001;
Héroz et al., 2011; Piscanec et al., 2007; Wu et al., 2007). Another important mode is
the D-band phonon, an out-of-plane bending mode with frequency at around 1300 cm*
(Jorio et al., 2007). This mode is normally Raman-inactive in pristine or perfect sp*-
carbon due to symmetry considerations. It becomes Raman active when the translational
symmetry of the extended structure of graphite, graphene or carbon nanotube is broken
by some sort of disorder. The intensity of D-band generally increases with the degree of
disorder. The G’-band is also observed in the Raman spectrum at frequency of 2600—
2700 cm* region. This band is common to all sp*-hybridized carbon. It is a dispersive,
second-order Raman mode which highly sensitive to small changes in electronic and
vibrational structure (Jorio et al., 2007).

Figure 2.10 shows the Raman spectra for three different MWCNTSs samples. The
primary differences of Raman spectroscopy of SWCNTs and MWCNTSs are the lack of
RBM modes in MWCNTSs and a much more prominent D band in MWCNTSs. The RBM
modes are not present because the outer tubes restrict the breathing mode. The more
prominent D band in MWCNTSs is to be expected to a certain extent given the multilayer
configuration and indicates more disorder in the structure. The Raman spectrum of
MWCNTSs is dominated by two peaks: the G-band at 1590 cm* and D-band at 1350
cm*. The G-band corresponds to tangential stretching C—C (carbon-carbon) vibrations

in the nanotube wall plane while the D band originates from a double resonance
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process, which is caused by the presence of amorphous disordered carbon (Kirti et al.,
2002; Saito et al., 2001). It should be emphasized that the D band is not a good measure
of nanotube wall defects; rather, its intensity is proportional to the amount of
amorphous carbon in the system (Bose et al., 2005; Osswald et al., 2005). Nevertheless,
measuring the intensity ratio of the D and G bands is a widely accepted method of

assessing the general purity of a MWCNTSs sample (DiLeo et al., 2007).
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Figure 2.10: Typical Raman spectra for various MWCNTSs samples.

2.8.3 Linear Absorption of SWCNTs and MWCNTSs

Figure 2.11 shows an absorption spectrum of the SWCNT embedded in
polyvinyl alcohol (PVA), which was used to demonstrate an ultra-short pulse generation
in L-band region (Sun et al., 2008). SWCNTSs are a folded graphene and exist as a 1-D
structure. This leads to a restriction on the energy states resulting in the several
absorption regions (Wang et al., 2008). SWCNTs will absorb photons strongly at these
energy levels while being almost transparent at other energy levels. The positioning and

magnitude of these absorption peaks is strongly dependent on both the radius of the
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individual tubes and their chirality (Tan et al., 2007). Smaller diameter tubes will have
their peaks shifted to higher energy levels, while absorption peaks of larger diameter
tubes will shift to lower energies. This characteristic of SWNT’s allows for the tailoring
of optical absorption spectra using different SWCNT growth parameters and techniques,
allowing for the engineering of CNT based SA’s across a broad range of frequencies

(Kataura et al., 1999).
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Figure 2.11: Absorption spectrum of the SWCNT-PVA film (Sun et al., 2008)

(Zhang et al., 2011) reported an absorption spectrum of the MWCNTSs based SA which
was used to generate ultrafast laser in solid state laser system. The absorption spectrum
is shown in Figure 2.12. The authors claim the MWCNTs SA has an ultra-broad

absorption compared to SWCNTSs which is diameter and chirality dependence.
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Figure 2.12: Linear Absorption of MWCNTS based saturable absorber (Zhang et al.,

2011).

2.8.4 Recovery time of SWCNTs and MWCNTSs

The SWCNTSs’ ultrafast recovery time (~1 ps) was measured through a pump-
probe experiment (Chen et al., 2002; Schmidt et al., 2009) as shown in Figure 2.13. If
the laser wavelength is tuned to the near-infrared absorption band, a large optical
nonlinear effect, especially a saturable absorption effect will occur. So the SWCNTSs are
promising for all optical switching applications. For pulse generation, slower recovery
time could facilitate laser self-starting while the fast recovery time is to stabilize the
pulse oscillation. Most SWCNTs samples consist of a mix of semiconducting and
metallic species with different chirality, thus this could have ultrafast recovery time and
wider absorption band. Different chirality of SWCNTSs provides a different region of
absorption. The recovery time of a semiconducting SWCNTSs is around 30 ps. Bundles

and/or entanglements of semiconducting and metallic SWCNTs will determine the
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recovery time of a mixture of carbon nanotubes. Fast recovery time of semiconducting
SWCNTSs is due to coupling of electrons from photon exited semiconducting SWCNTSs
to metallic SWCNTs (Kashiwagi & Yamashita, 2010). Therefore, the mixture of
Semiconducting and metallic SWCNTSs inherently have ultrafast recovery time shorter

than 1 ps (Kashiwagi & Yamashita, 2010).
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Figure 2.13: Recovery time of SWNT (Schmidt et al., 2009)

The MWCNTS’ recovery time was measured through a pump-probe experiment
and the reported recovery time is around 230 fs (Zhang et al., 2011). The recovery time
iIs shown in Fig. 2.14. The recovery time of the MWCNTSs is longer than that of
SWCNTSs, but they manage to generate mode-locked solid state laser using the
MWCNTSs. The reported works for passive saturable absorber using MWCNTS based
saturable absorber is not extensively reported as compared to the SWCNTSs based SA.

This is maybe due to longer recovery time, but the SA could be investigated for pulse
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laser regimes which not require fast recovery time such as Q-switched regime.
Furthermore, the reported pulse laser is using solid state laser, which using bulky
component and need precise alignment, this create a new interest to integrate a

MWCNTSs SA in fiber laser to generate pulsed laser.
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Figure 2.14: The recovery time of 230 fs for MWCNTSs based SA (Zhang et al., 2011)

2.8.5 Modulation depth of SWCNTs and MWCNTSs

Wang et al., 2008 reported modulation depth of SWCNTs-PVA composite based
thin film is around 6% in transmission mode as shown on Figure 2.15. They also
reported a saturable absorption (z_) of 16.9%, non-saturable absorption (e,,.) of 82.5%,
and a saturation fluence of ~18.9 MW/cm? using a 50 um ticked SWCNTs-PVA thin
film. Using the same film, the group reported a stretched-pulse fiber lasers,
incorporating segments of normal and anomalous dispersion fibers (Sun et al., 2010). It
is found that the modulation depth of around 16% is sufficient to provide strong pulse

shaping, reliable self-starting and stabilized pulse generation (Keller, 2004).
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Figure 2.15: Modulation depth of SWCNTSs-PVA film (Wang et al., 2008)

Although (Zhang et al., 2011) reported a passive mode locked solid state laser
using the MWCNTSs based SA, but they didn’t characterized the SA parameters such as
modulation depth or saturation fluence of the SA. Recently, (Lin et al., 2013) had
characterized the layer of MWCNTS in a quartz substrate as shown in Figure 2.16. As
shown in the figure, the MWCNTSs have a modulation depth of 4.7 % and a saturation
fluence of 90 pJ/cm?. The reported modulation depth is lower than SWCNTSs based SA
in polymer composite which is around 16% with saturation fluence of 13.9 uJ/cm2

(Wang et al., 2008).
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Figure 2.16: Modulation depth and saturation fluence of MWCNTSs (Lin et al., 2013)

2.9  Graphene

Graphene is a planar allotrope of carbon where all the carbon atoms form

covalent bonds in a single plane. The sp? interactions in graphene result in three bonds

called o-bonds, which are the strongest type of covalent bond. The c-bonds have the

electrons localized along the plane connecting carbon atoms and are responsible for the

great strength and mechanical properties of graphene. Figure 2.17 shows the planar

honeycomb structure of graphene.

Figure 2.17: Structure of graphene (Geim & MacDonald, 2007)
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There are mainly four approaches to synthesize graphene and its derivatives. The
first approach is called as the mechanical exfoliation of graphite, which is also known as
the “Scotch tape” or peel-off method (Novoselov et al., 2004). This approach gives the
best samples in terms of electronic properties, but the yield is quite low, only suitable
for fundamental studies. The second method is based on epitaxial growth on electrically
insulating surfaces such as SiC (Berger et al., 2006). The third was CVD on metals such
as Ni (Kim et al., 2009) and Cu (Li et al., 2009). This method can produce large area
uniform graphene film, which can be used for making optoelectronic devices (Bae et al.,
2010). The fourth approach was the creation of colloidal suspensions or liquid-phase
exfoliation, which includes the production of graphene and chemically modified
graphene from colloidal suspensions made from graphite, derivatives of graphite (such
as graphite oxide), and graphite intercalation compounds. This approach is both
scalable, affording the possibility of high-volume production, and versatile in terms of
being well suited to chemical functionalization. These advantages mean that graphene
and its derivatives produced by the colloidal suspension method are good nanofillers to
incorporate into polymer to form functional composites.

The three significant Raman spectral features in graphene are the G peak at =
1580 cm*, the D peak at = 1350 cm , and the 2D peak at ~ 2700 cm *, as shown in
Figure 2.18. The G peak is due to the Eyy mode, i. e., in-plane vibrations of the carbon
atoms. The D peak and 2D peak are strongly dispersive, with excitation energy due to
the Kohn anomaly at the K-point, while the G peak is not. The 2D peak is the second
order of the zone boundary phonons and therefore does not require defects. For
monolayer and few-layer graphene, the 2D peak serves as a fingerprint for identification

(Ferrari et al., 2006).
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Figure 2.18: Raman spectra of (a) graphite and graphene (b) 2D peak of different
number of graphene layers

Monolayer graphene has a single sharp 2D peak while the 2D peak appears up-
shifted and broader in bilayer graphene. As the number of layers further increases, the
2D peaks reduce in intensity, and beyond five layers, it resembles the 2D peak of bulk
graphite. A similar observation can also be made for the D peak (Ferrari et al., 2006).
The D peak of monolayer graphene is a single sharp peak, while in bulk graphite it can
be resolved into two peaks, D1 and D2. The D peak is observed in defective graphene,
and prominently at the edges of graphene flakes.(Das et al., 2008) demonstrated the
number of layer in the graphene could be estimated by calculating the ratio of
1(G)/1(2D) from the Raman spectrum. For bulk HPOG, the ratio is larger around 3.1
compared to monolayer graphene with the ratio of 0.2. Basically, if the ratio of
1(G)/1(2D) is greater than 0.5, we can conclude that the graphene is consisting of multi-

layer graphene.
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The saturable absorption is achieved in graphene due to a Pauli blocking process
(Zitter, 1969). The experimental observation of saturable absorption in graphene was
demonstrated in many literatures. For instance, (Bao et al., 2009) reported that a
monolayer graphene has a remarkable large modulation depth of 65.9%. In
another work (Huang et al., 2012) reported that a modulation depth of graphene with 21
layers was around 2.93 %. Similar saturable absorption phenomenon was also obtained
using graphene—-PVA polymer composites (Popa et al., 2010), graphene oxide (GO) and
reduced graphene oxide (rGO) (Sobon et al., 2012), where the reported modulation
depths are 2%, 21% and 18%, respectively. The large modulation depth and the high
ratio of saturable to nonsaturable absorption indicate stronger noise suppression and
pulse shaping ability (Sakakibara et al., 2005). Nonsaturable loss generally arises from
scattering losses by defects or aggregates, nonsaturable absorption from the polymer

host and coupling loss in fibers.

2.10 Cladding pumping

The early fiber lasers and amplifiers had only one effective wave-guiding
component: the core. Since both the signal and pump light are guided in the core, for the
fiber lasers to achieve efficient and robust laser operation, the pump light emitted from
laser diodes needs to be coupled into the small core area with high efficiency and
stability. This requires the laser diodes to be single-mode and have high brightness.
However, high-power single-mode laser diodes remain to be a technique challenge up to
date and the output powers from the core-pumped fiber lasers are still limited to ~1 W
due to the pump power availability. To break this stringent pump source requirement
and take advantage of the available high-power multimode laser diodes of relative low
brightness, cladding-pumped fiber devices were introduced in late 80s (Snitzer et al.,

1988).
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Double-cladding fibers are designed for the cladding-pumping scheme, as
shown in Figure 2.19, a second (outer) cladding with lower index than that of the first
(inner) cladding is added. The pump light is injected into the inner cladding and is
confined there, because the total internal reflection condition is satisfied at the inner-
outer cladding interface. At the same time, since only the core is doped and the signal
light is generated and confined inside the core, the signal will still have a high
brightness regardless of the properties of the pump light. It should be noted that in this
figure the outer cladding (or polymer coating) must have a lower index of refraction

than the inner cladding and the core must have higher index than the inner cladding.
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Figure 2.19: Cladding pumping technique using a double clad fiber

Often the inner cladding is not round as shown in Fig. 2.19, but otherwise
shaped (D-shape) to improve pump absorption. This innovation led to a period of
extremely rapid increase in fiber laser output power that was largely only limited by
power levels of pump diodes. Another major advantage of the cladding-pumping

scheme is that these fiber lasers have high thermal tolerance for high-power CW laser
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operation. Though the pump power fills out the inner cladding during its propagation
along the fiber, only the core region absorbs the pump light. The pump absorption
coefficient of the fiber is thus proportional to the ratio of core area over the inner
cladding area, if the pump power is evenly distributed across the cross-section of the
inner cladding. Therefore, one can always lower the core doping level and increase the
inner cladding size to effectively reduce the pump absorption coefficient, at the same
time, elongate the fiber length to ensure sufficient pump absorption. Another thermal
concern is that as laser diode arrays of very high CW power are available, the output
power of the fiber laser can be limited by the breakdown of the active core region, due
to the high optical power density at the single mode core center. To reduce the intensity
at the core center, large and slightly multimode cores can be used instead of the small
single-mode cores. Though large cores may allow a few transverse modes, careful
designs and special techniques, such as bending, can be used to strip out the high order
modes so that the large cores can still be under fundamental mode operation. Large core
size will also help overcome yet another power scaling limitation factor: the nonlinear
effects such as stimulated Raman and Brillouin scatterings. Since the threshold powers
of these nonlinear effects are proportional to the effective modal area, large cores will
enhance the threshold powers and postpone the output power rollover caused by

nonlinear effects to a later stage in power scaling.
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2.11 Dual wavelength fiber lasers (DWFL)

Dual wavelength fiber lasers (DWFL) research has increased considerably in
recent years due to the potential applications of these optical devices in diverse
investigation areas. Interest of use of DWFL includes areas such as fiber sensors,
wavelength division multiplexing, optical communications systems, optical
instrumentation and recently in microwaves generation (Liu et al., 2007; Mao & L.it,
2002; Talaverano et al., 2001). DWFL are considered profitable optical sources because
of their advantages such as low cost, easy and affordable optical structures, low losses
insertion and space optimization.

Principal issue to generate two simultaneous laser lines resides in the cavity
losses adjustment. In DWFL designed with Erbium-doped fiber (EDF) as a gain
medium there is a strong competition between the generated laser lines due to the
EDF’s homogeneous gain medium behavior at room temperature. To reduce the
competition between the wavelengths, several techniques have been reported aiming to
achieve stable multi-wavelength laser oscillations (Liu et al., 2007). Moreover, fiber
Bragg gratings (FBG) have been extensively used in DWFL cavities design due to their
advantages as optical devices including easy manufacture, fiber compatibility, low cost
and wavelength selection among others. FBG’s wavelength selection property is
commonly used as a narrow band reflector inside the laser cavity to generate a laser line
at a specific wavelength. Several DWFL experimental setups using FBG’s have been
reported including use of a FBG written in a high birefringence or in a multimode fiber
(Latif et al., 2011).

In a large majority of DWFL using EDF and FBG’s, the laser cavity losses
correspond to different generated laser lines at a specific wavelength position over the
gain medium spectrum. The generated wavelength should be balanced to achieve two

simultaneous laser lines. Consequently, both oscillation lines have the same pump
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threshold. Commonly the wavelengths adjustment is realized through arbitrary methods
as use of polarization controllers (Rao et al.) and variable optical attenuators (VOA)
(Han & Lee, 2007). With the progress on DWFL research studies have been followed
two different pathways in order to enhance stability of the simultaneously generated
laser lines by improving the cavity losses adjustment methods.

On the one hand, the research focuses on incorporating of cutting-edge devices
in an effort to obtain more stable and efficient dual laser emissions. In such a way that
these researching works reports the use of newly developed optical fibers such as
photonic crystal fibers, leading to use optical devices that allow the exploit of nonlinear
optics (Parvizi et al., 2011). Most of the reported works on this area tend to have more
complex designs and non-straightforward settings. By the other hand, a second pathway
is in function of simplicity and optimization of laser cavity length, taking into account
that a reduced cavity length implies a decrease of laser modes within the cavity,
allowing, in a first instance analysis, a dual laser emission with lower instability, a
simple adjustment of the competition between laser lines with a substantial reduction of
implementation space that can improve the results repeatability (Liu et al., 2009).

In recent years, obtaining of dual-wavelength laser emission does not represent
an advance by itself in DWFL progress because the increasing need to analyze the
behavior of the competition between the generated laser lines obtained by the cavity
losses adjustment methods. Using arbitrary methods like adjustment by polarization
controllers and variable optical attenuators do not allow a behavioral analysis of the
competition between generated wavelengths because these methods do not have a
measurable physical variable to characterize the adjustment and difficultly can provide

repeatability in results.

The spectral selectivity of the interferometer is caused by birefringence that has

to be introduced to the loop. A lot of effort has been made to suggest and investigate a
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variety of Fiber optic loop mirror (FOLM) designs (Harun et al., 2005; Lim et al., 2009;
Liu et al., 2004). The transmittance spectrum of the FOLM presents a periodic behavior
with maxima and minima depending on the Hi-Bi fiber length and birefringence. For
dual-wavelength lasers, low contrast offers the advantage of smoother cavity loss
adjustment for the generated wavelengths where the principal mechanism of the
adjustment of the cavity loss is the shift of the wavelength of the reflection maxima of
the FOLM. The wavelength shift is achieved by the change of the temperature of the Hi-
Bi fiber. This method allows generating two wavelengths with a well-controlled ratio

between their powers (Alvarez-Tamayo et al., 2011).

Moreover, the tuning of the laser generated wavelengths promises to be an
advantage for DWFL microwave generation application making it possible through the
tuning of separation between wavelengths. A simple method of wavelength tuning is
related to the Bragg period modification of a FBG. Wavelength tunable DWFL were
reported. (Alvarez-Tamayo et al., 2011). In most configurations the FBG’s are used
with Bragg wavelength shift by temperature change (Li et al., 2004), compression or
stretch. (Moore et al., 2009). Most of the techniques reported before as a matter of fact
realize an adjustment of the losses between the two wavelengths to achieve stable dual-

wavelength generation.

In this work proposes the application of multi-mode fiber (MMF), tapered fiber
and mismatch effect as a spectral filter to adjust finely the laser cavity losses, to
generate dual-wavelength in 2 micron fiber by using thulium doped fiber as gain

medium.

43



CHAPTER 3

All-fiber Dual-Wavelength Fiber Laser Operating at 2
Micron Region

3.1 Introduction

In the recent years 2 pum laser sources have drawn a great interest in the research
area of photonics since it offers a possibility for combining high efficiency and high
output power with eyesafe operation. In addition, it suggests a number of specific
applications associated exclusively with its infrared wavelength, e.g., in the fields of
remote sensing and biomedicine (Fried & Murray, 2005; Szlauer et al., 2009; Taccheo
et al., 1996; Zeller et al., 2010). The wavelength overlaps with many absorption lines of
several molecules, e.g. carbon dioxide (CO,) or hydrogen bromide (HBr) (Zeller et al.,
2010), which creates the possibility of constructing cost-effective trace-gas sensing
platforms. Strong water absorption in this range makes the light source extremely
desirable in biomedical applications. It has been shown, that 2 pm laser outperform 1
um and 1.55 um sources in dermatology and surgery, serving as precise and efficient
optical scalpels (Fried & Murray, 2005; Szlauer et al., 2009). The light source operating
in the range of 1.8 to 2.0 um can be realized using Thulium-doped fiber laser (TDFL).

The lasing near 2 um is initiated by the transition of thulium ions from *Hs to °F,
because of the so-called cross-relaxation energy transfer process between Thulium ions.
During this process, two ground-level Thulium ions are excited to the upper lasing level
of ®F4 by absorbing only one pump photon near 790 nm. This suggests that one excited
Tm*" ion at the *H, level generates two Tm** ions at the F4 upper laser level. However,
commercial high power diodes required for the excitation in this wavelength range are
difficult to obtain as well as very costly. Pumping Thulium-doped fibers at another
pumping wavelength of 1200 nm or 1600 nm is complicated because semiconductor

laser diodes with sufficient power are not commercially available. An alternative
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approach is to co-dope the Thulium fiber with Yb** so that it can be pumped by a
commercial 905-980 nm laser diode. This is due to the 3Hs level of Tm**, which is
(quasi-) resonant with the excited Yb**level (°Fs;,) and thus allows the sensitization of
Tm*" doped fibers with Yb**, similar to the case of Yb* sensitized Er**-doped fibers
(Pal et al., 2010). The up-conversion system has long been proposed based on Tm?**-
Yb* co-doped glass and fibers (Halder et al., 2012), but only more recently the concept
is used for the 2-um fiber laser application (Harun et al., 2012). A cheap and stable low
power fiber laser operating near 2 um region is useful for many potential applications
like toxic gas sensing and component characterization.

Recently, many works on all-fiber dual-wavelength fiber lasers have been
reported due to interests in their potentials in applications such as optical instrument
testing, optical signal processing, fiber sensing systems and microwave photonics
(Ahmad et al., 2009; Harun et al., 2012; Jeon et al., 2010). Different strategies have
been adopted to generate a dual-wavelength lasing for example by using a twin-peak
reflection grating and dual-cavity configuration. But, most of the lasers that have been
demonstrated operate at 1.00 and 1.55 um band. For the longer wavelength region of 2
um, fiber components are not as readily available as those at the shorter wavelengths of
1.00 and 1.55pum. Very recently, 2041.3 nm/2054.6 nm simultaneous dual wavelength
Tm, Ho: YVO4 solid state microchip laser was demonstrated (Chan, 1997). However, 2
um band all-fiber laser is urgently expected in practical use due to its compact and
robust property.

In this chapter, new all-fiber dual-wavelength 2 um fiber lasers are proposed and
demonstrated based on three different approaches; spatial filtering effect, inline

microfiber Mach Zehnder Interferometer and multimode interference effect.
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3.2  Dual wavelength TDFL based on spatial filtering effect

In an earlier work, Zhou et al. (Zhou et al., 2011) have demonstrated a room-
temperature all-fiber dualwavelength TDFL based on a cascaded fiber Bragg grating
array. However, the FBG structure requires an expensive UV laser to be fabricated and
the conventional FBG cannot operate at a temperature higher than 300°C. In this
section, we develop a room-temperature all-fiber dual-wavelength TDFL operating near
1900 nm, which uses a simpler approach based on a spatial filter generated due to
mismatch at the splicing points of a Thulium doped fiber (TDF). A scheme of our dual-
wavelength TDFL is shown in Figure 3.1. The laser is constructed using a simple ring
cavity, in which a 2 m long TDF is used as an active medium. The TDF used by us has
the core and cladding diameters of 9 pum and 125 pm respectively, the cut-off
wavelength of 1750 nm, and the numerical aperture of 0.15. The absorption of Thulium
ions in this fiber has a peak at 793 nm (27 dB/m). The TDF is pumped by an 800 nm
laser diode via an 800/2000 nm wavelength division multiplexer. The operating
wavelength of our TDFL is determined by a spatial filter, which is formed by
controlling the phase mismatch at the splicing points of the TDF. The mismatch creates
oscillations within the TDF. The output of the dual-wavelength laser is tapped from a 10
dB output coupler, allowing for 90 per cent of the light to remain in the cavity. The
output spectrum and the power of the laser are measured with an optical spectrum

analyser.
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Figure 3.1: Experimental setup of our dual-wavelength TDFL: crosses correspond to

splicing points of the TDF

Figure 3.2 shows the transmission spectrum of the spatial filter. In our
experiments, a broadband 1550 nm source of amplified spontaneous emission is
launched into the setup from the input port of the wavelength division multiplexer
coupler, and the output spectrum is measured after a 10 dB coupler, using an optical
spectrum analyser. As we control precise details of the splicing between the single-
mode fiber and the TDF, the power oscillations occur within the TDF, thus producing
some wavelength-dependent losses. As a result of specific transmission function of the
spatial mode-beating filter, the spectrum at the output signal has a comb-type
characteristic as shown in Figure 3.2. From Figure 3.2, the spacing between the two

neighbouring peaks is measured to be approximatly 1.8 nm.
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Figure 3.2: Comb-type spectral structure of signal produced by our spatial mode beating
filter.

As the TDF is pumped, an amplified spontaneous emission is generated in the
vicinity of 1900 nm via both spontaneous and stimulated emission processes. The
Thulium ions are excited to level as they absorb the pumping photons to create the
population inversion between the levels. Then they drop to the ground state (*Hg) and
emit light at 1.9 pm. The amplified spontaneous emission oscillates in the ring cavity,
resulting in a laser that operates according to the transmission characteristic of the
spatial mode-beating filter. Since the filter has a wide bandwidth, the regime of dual-
wavelength laser output can easily be implemented. Due to the transmission
characteristic of the filter, the signals at two different wavelengths can oscillate in the
cavity whenever the difference of the cavity losses for them are somewhat reduced. By
adjusting the polarization state of the light propagating in the laser cavity, one can tune
the cavity losses for these two wavelengths to seek dual-wavelength oscillations with
the aid of the TDF, whose gain broadening behaves inhomogeneously. Figure 3.3 shows

the output spectrum of the TDFL recorded by the optical spectrum analyser at different
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pump powers. As seen from Figure 3.3, the dual-wavelength output lines are obtained at
1844.8 and 1852.0 nm, so that their spacing is equal to 7.2 nm. This spacing is four
times larger than that associated with the spatial filter at 1550 nm. At the pump power
as low as 124.5 mW, the signal-to-noise ratios for the 1844.8 and 1852.0 nm lines are
respectively equal to 30 and 21 dB, with the 3 dB bandwidth being approximately equal

to 2.0 nm.
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Figure 3.3:output spectrum of our TBFL at three different pump power as indicated in
the legend.

The relationships between the pump power and the peak powers of the dual-
wavelength output lines located at 1844.8 nm and 1852.0 nm are shown in Figure 3.4.
The dual-wavelength laser starts to lase above the threshold pump power of 109.3 mW.
Then both output-peak powers increase linearly with increasing pump power. At the
maximum pump power of 131.7 mW dealt with in the present experiments, the 1844.8
and 1852.0 nm laser lines have the maximum output powers of 0.297 and 0.038 mW,
respectively. Figure 3.5 shows the output optical spectrum of our dual-wavelength laser

for the case when the scanning interval is 10 min. In our experiments, the dual-
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wavelength operation can be stable for more than two hours if only the temperature
variations and the mechanical vibrations are kept reasonably small, as with standard
laboratory facilities. As seen from Figure 3.4, the corresponding difference for each
laser wavelength is less than 1 dB, thus pointing to enough stability of the output. No
other lasing modes have been observed inside the Thulium gain band. Since the
operating laser wavelengths are determined only by the spatial filter, they can be tuned
by controlling the mismatch between the fiber associated with the wavelength division

multiplexer and the TDF, or by using some other techniques.
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Figure 3.4: Dependences of peak output powers of the two laser lines on the input pump

power.
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frames to illustrate stability of the laser.

3.3 Dual-Wavelength 2 um Fiber Laser Based on Inline Microfiber Mach-Zehnder
Interferometer:

In this section, a room temperature all-fiber dual-wavelength fiber laser
operating in 1955 nm region is demonstrated using an inline microfiber Mach Zehnder
Interferometer (MMZI). The MMZI is incorporated in the laser cavity to act as a comb
filter. The proposed laser uses a cascaded commercial Thulium-doped fiber (TDF) and
laboratory made double-clad Thulium-Ytterbium co-doped fiber (TYDF) as a gain
medium, which is forward pumped by a single-mode 800 nm and a multimode 905 nm

pumps respectively,
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3.3.1 Fabrication and characteristic of inline MMZI

An inline MMZI is constructed from a low loss microfiber, which was drawn
from a standard SMF using flame brushing technique. The microfiber is firstly
fabricated by heating a portion of the unjacketed fiber to its softening temperature, and
then pulling one of the ends apart to reduce the fiber’s diameter down to 46 um. The
torch is then moved to the left and right for further tapering the transition part to a
smaller diameter of 12 um and 6.4 um, respectively. The middle part of the structure
acts as an interference region for the inline MMZI structure. Figure 3.6 (a) shows the
schematic diagram of the fabricated MMZI. The total length of the fabricated structure
is approximately 50 mm where the length of the first tapered region, second tapered
region and the interferometer region was 25mm, 4mm and 8mm respectively. The
microscopic images of these regions are shown in Figure 3.6(b). During the tapering
process, a broadband amplified spontaneous emission light is launched into the
microfiber to monitor the loss and spectral response using an optical spectrum analyzer
at the output end of the microfiber. In principle, the inline MMZI works as follows; the
input modes of light split into two types of modes defined as guided and unguided
modes at the interference region. The guided mode keeps travelling in the core and the

unguided mode propagates through the cladding.
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Figure 3.6: (a) Schematic diagram of the fabricated inline MMZI and (b) microscopic
images for the three tapered regions of inline MMZI, where the images (i), (ii) and (iii)
represent the 2" tapered region, interferometer region and 1* tapered region

respectively.

The phase difference between the core and cladding modes can be expressed as:

27(An, )L
Q= ﬂ(;e ) (3_1)

Where An is defined as (n{" —ng" ) which is the difference of the effective refractive

indices of the core and the cladding modes, L is the length of the interferometer region

and A is the input wavelength. Interference occurs due to the phase difference¢ , and

the transmission dip wavelength A, of the interference and can be expressed as:

53



B 27Z(Aneﬁ )L
© 2m+1

3.2)

m

Where m is the interference order.

Figure 3.7 shows the transmission spectra of the inline MMZI at 1550 nm region, where
the spectra is showing the interference fringes with a spacing of around 3.7 nm and
extinction ratio of approximately 15 dB. The insertion loss of fabrication inline MMZI

is observed to be approximately 9 dB at 1550 nm region.
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Figure 3.7: Transmission spectrum of the inline MMZI

3.3.2 Configuration of the proposed MMZI based dual-wavelength laser

The schematic diagram of the proposed dual-wavelength fiber laser operating at
1955 nm region is shown in Figure 3.8. The fiber laser is constructed using a simple
ring cavity, in which a 2 m long commercial TDF and 15 long laboratory made TYDF

are cascaded to produce the ASE at 1955 nm region. The TDF is pumped by a 800 nm
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laser diode via an 800/2000 nm wavelength division multiplexer (WDM) while the
TYDF is pumped by a 905 nm multimode laser diode via a multimode combiner
(MMC). The TDF has a core and cladding diameters of 9 um and 125 pm respectively,
a loss of less than 0.2 dB/km at 1900 nm and Tm ion absorption of 27 dB/m at 793 nm.
The laboratory made TYDF has an octagonal shaped double-clad structure, which was
drawn from a lithium-alumino-germano-silicate (LAGS) core glass optical preform. The
preform was fabricated via the modified chemical vapour deposition (MCVD) process,
followed by solution doping technique. The preform consists of an Al,O3, Y03, Tm,03
and Yb,O3 dopants with average weight percentage of 5.5, 3.30, 0.70 and 4.0,
respectively. Such octagonal geometry of the cladding improves the pump absorption
efficiency. The doping levels of Tm** and Yb*" ions of the fabricated TYDF are
measured to be around 4.85 ions/cc and 27.3 ions/cc, respectively using an electron
probe micro-analyser (EPMA). NA and core diameter of the fabricated TYDF are
measured to be 0.23, and 5.96 um, respectively. The cascaded gain media is used to
reduce the threshold pump power for the Thulium fiber laser so that the laser can be
realized using an available pump power.

The operating wavelength of the proposed TDFL is determined by the filtering
characteristic of the fabricated inline MMZI. A polarization controller is used to adjust
the polarization state of the oscillating light in the laser cavity. The output dual-
wavelength laser is tapped from a 10 dB output coupler while allowing 90 % of the light
to remain in the cavity. The output spectrum and power of the laser are measured by

using an OSA
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Figure 3.8: Experimental setup for the proposed dual wavelength fiber laser using a
cascaded TDF and double-clad TYDF as the gain medium and an inline MMZI as a

wavelength selective filter.

3.3.3 Performance of the MMZI based dual-wavelength laser

At first, we investigate the transmission spectrum of the inline MMZI filter by
launching a broadband amplified spontaneous emission light centred at 1950 nm and
measure the output spectrum using an OSA. Due to the phase difference between the
core and cladding modes inside the MMZI structure, interference occurs to form a
comb-like spectrum at the output as shown as a dashed line in Figure 3.9. Compared to
the output interference at 1550 nm region, at least two oscillations are observed at 1955
nm region. This is most probably due to the higher number of modes travelling in the

cladding as the system is operating at a longer wavelength. As shown in the figure, the
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dominant wavelength separation is around 3.76 nm is obtained at around 1955 nm with

a signal to noise ratio is approximatly 10 dB.
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Figure 3.9: Comparison between the transmission spectrum of the inline MMZI filter

and the laser output spectrum.

As the TDF is pumped, an ASE is generated at 1900 nm region via spontaneous
and stimulated emission process. Thulium ions are excited to *F4 level as they absorb the
pump photon to create a population inversion between ®Hg and this energy level. Then
they drop to the ground state (*Hg) while emitting at 1.9 pm. The ASE is then amplified
by the forward pumped double-clad TYDF. The amplified ASE centered at relatively
longer wavelength region of 1955 nm due to the use of Thulium Ytterbium co-doped
fiber, which provides a higher gain at longer wavelength due to energy transfer from
Ytterbium to Thulium ions. The ASE oscillates in the ring cavity to generate laser that
operates within the transmission characteristic of the MMZI filter. Due to the
transmission characteristic of the filter, it is possible to have the oscillation of two
wavelengths in the cavity if the difference of the cavity loss between them can be

reduced. By adjusting the polarization state of the propagating light in the laser cavity,
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the cavity loss of the two wavelengths can be tuned to seek dual-wavelength oscillation
with the help of both TDF and TYDF, whose gain broadening behaves
inhomogeneously.

The output spectrum of the proposed laser as recorded by an OSA is shown as a
solid line in Figure 3.9, when the single mode 800 nm and multimode 905 nm pump are
fixed at 110 mW and 2.0 W, respectively. As seen in the figure, a dual-wavelength
output lines are obtained at 1952.93 and 1956.68 nm, which coincided to two of the
transmission peaks of the MMZI filter. The 1952.93 and 1956.68 nm lasers peak at -18.5
and -17.4 dBm with a signal to noise ratio of more than 35 dB. The 3 dB bandwidth of
both lasers is measured to be less than 0.2 nm. The relation between the peak power of
the dual-wavelength output lines of 1952.93 and 1956.68 nm against the pump power is
shown in Figure 3.10. In the experiment, the 800 nm pump is fixed at 110 mW while the
multimode 905 nm is varied from 0 to 2.0 W. The dual-wavelength laser starts to lase at
threshold power of 1.6 W before both output peak power increase linearly with the
increment of multimode pump power. At the maximum multimode pump power of 2.0
W, the 1956.68 nm laser line produces the maximum output power of 18.1 uW while the
output power of the 1952.93 nm line reduces due to the saturation effect. \the output

power is relatively low due to high cavity loss.
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Figure 3.10: The peak power of the dual-wavelength laser lines against the input 905 nm

pump power when the 800 nm pump is fixed at 143 mW.

Figure 3.11 shows the output optical spectrum of the dual-wavelength laser with
a scanning time interval of 10 minutes. In our experiment, the dual-wavelength operation
can be stable for more than two hour if the temperature variation and mechanical
vibration are reasonably small. As seen in Figure 3.11, the difference in each laser
wavelength is less than 1.0 dB, which indicates the stability of the output. No other
lasing modes are observed in the thulium gain band. Since the laser wavelength is only
determined by the function of the MMZI filter, the operating wavelength could be tuned
by controlling the number of unguided modes inside the cladding and their phase

difference.
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Figure 3.11: The stability graph of the proposed dual-wavelength laser with 10 minutes

period for each frame

3.4 Dual-wavelength fiber laser operating in 1950 nm region based on multimode
Interference filter

In this section, a new all-fiber dual-wavelength fiber laser operating in 1950 nm
region is proposed using a simpler approach based on an incorporation of a short length
of multimode fiber (MMF) in the laser cavity to act as a multimode interference filter.
The configuration of the proposed laser is almost similar with the previous section,
which uses a commercial TDF and laboratory made double-clad Thulium-Ytterbium co-
doped fiber (TYDF) as a cascaded gain medium. The schematic diagram of the
proposed dual-wavelength fiber laser based on MMI filter is shown in Figure 3.12. The
fiber laser uses a ring cavity consisting of a 2 m long commercial TDF and 15 long
laboratory made TYDF a gain medium, which are forward pumped by a single-mode

800 nm and a multimode 905 nm pumps respectively as. The characteristics of both
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gain media are the same with the previous laser. The operating wavelength of the
proposed 2 pm laser is determined by the MMI filter, which is obtained by splicing a
13.5 cm long MMF between two single-mode fibers (SMFs) inside the laser. A
polarization controller is used to control the polarization state of light in the laser cavity.
The 10dB output coupler is used to tap 10% of the laser out while the OSA is used to

measure the output spectrum and the power of the laser.

: Laser Doide
—— B00nm
i_ —__ O

TDF

TYDF
PC
MMF
\

Laser Doide
905nm

MMC

@ [6] o]

10dB Coupler 13.5 cm
1M} %a

= OSA

Figure 3.12: Schematic diagram of the setup for the proposed dual wavelength fiber
laser using a cascaded TDF and double-clad TYDF as the gain medium and an inline

MMI as a wavelength selective filter.

At first, we investigate the transmission spectrum of the MMI filter, which

consists of a 13.5 cm long MMF axially spliced at both its ends to identical SMFs. In
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the experiment, broadband amplified spontaneous emission light centred at 1950 nm is
launched into the MMF section through the lead-in SMF at the first splice. Generally,
the spot size of the fundamental mode of the MMF is different than that of the SMF.
This leads to the excitation of a number of guided modes in the MMF at the input
splice. Due to their different propagation constants, the guided modes of the MMF
develop a certain phase difference as they propagate along the MMF length. At the lead-
out splice the MMF modal fields are then coupled to the fundamental mode of the lead-
out SMF. This forms a comb-type structure at the output as a result of the transmission
function of the MMl filter, as shown as a dashed line in Figure 3.13. It can be seen that
the maximum transmission dip is obtained at 1951.0 nm. \this is attributed to the
characteristic of the filter, where the transmission dip is determined by the phase
difference in the path lengths. Two peaks at 1939.68 and 1959.60 nm have the
maximum extinction ratio with the transmission losses of around 4 and 5 dB,

respectively.
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Figure 3.13: Comparison between the transmission spectrum of the MMI filter and the

laser output spectrum.
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As both gain media are pumped, an ASE centered at 1951 nm region is generated
in both directions via spontaneous and stimulated emission processes. The ASE
oscillates in the ring cavity to produce laser for which the operating wavelength is
determined by the transmission characteristic of the MMI filter. By adjusting the
polarization state of the oscillating light in the ring cavity, it is possible to have the
oscillation of two wavelengths in the cavity. The output spectrum of the laser is depicted
as a solid line in Figure 3.13 when the single mode 800 nm and multimode 905 nm pump
are fixed at 143 mW and 1.5 W, respectively. As shown in the figure, a dual-wavelength
output lines are located at 1939.68 and 1959.60 nm, which coincide to two of the
transmission peaks of the MMI filter. The 1939.68 and 1959.60 nm lasers peak at -13.8
and -15.2 dBm with a signal to noise ratio of about 27 and 28 dB, respectively. The 3 dB
bandwidth of both laser lines are measured to be less than 0.2 nm.

The relation between the peak power of the dual-wavelength output lines of
1939.68 and 1959.60 nm against the pump power is shown in Figure 3.14. In the
experiment, the 800 nm pump power is fixed at 143 mW while the 905 nm multimode
pump power is varied from 0 to 2.0 W. The dual-wavelength laser starts to lase at
threshold power of 1.5 W before both output peak powers increase linearly with the
increment of multimode pump power. At the maximum multimode pump power of 2.0
W, the 1939.68 and 1959.60 nm laser lines produce the maximum output powers of 0.21
and 0.20 mW, respectively. The output spectrum of the dual-wavelength laser is scanned
every 20 minute interval as shown in Figure 3.15. In this experiment, the dual-
wavelength operation is observed to be stable for more than two hours provided that the
temperature variation and mechanical vibration are reasonably small (i.e., in a
laboratory). The stability of the output is indicated by the small difference in each laser
wavelength which is less than 0.2 dB. As expected, no other lasing modes are observed

in the Thulium gain band. Since the laser wavelength is only determined by the function
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of the MM filter, the operating wavelength could be tuned by controlling the number of
guided modes inside the core and their phase difference. The inexpensive and stable low
power fiber laser has tremendous potential for many applications such as in sensing toxic

gases due to their specific infrared region (IR) absorption.
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Figure 3.14: The peak power of the dual-wavelength laser lines against the input 905 nm

pump power when the 800 nm pump is fixed at 143 mW.
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Figure 3.15: The stability graph of the proposed dual-wavelength laser with 20 minutes

period for each frame

3.5 Summary

Let us summarize the main results of this chapter. An all-fiber dual-wavelength
fiber laser operating near 1900 nm is developed. It functions at the room temperature
and uses a filter to suppress the mode competition in the cavity. The performance of the
laser is compared for three different filters; a spatial filter, inline MMZI and MMI filter.
The spatial filter is designed for controlling the phase mismatch at the splicing points of
the TDF. The laser developed by us generates the dual-wavelength output lines at
1844.8 and 1852.0 nm, with the wavelength spacing amounts to 7.2 nm. The
corresponding optical signal-to-noise ratios are 30 and 21 dB, respectively. The device
starts to lase at both of the lines above the threshold pump power of 109.3 mW. When
the pump power reaches the maximum value of 131.7 mW as observed in our
experiments, the output powers of the laser lines correspond to 1844.8 and 1852.0 nm
and are equal to 0.297 and 0.038 mW, respectively.

All-fiber dual-wavelength fiber laser operating in 1955 nm region is then
demonstrated using an MMZI filter in conjunction with a cascaded gain medium, which
consists of 2 m long TDF and 15 m long laboratory made double-clad TYDF. The inline
MMZI filter is fabricated using a flame brushing technique to realize comb filter with a
spacing of 3.7 nm based on modal interference. The proposed laser generates dual-
wavelength output lines at 1952.93 and 1956.68 nm with the optical signal to noise ratio
of more than 35 dB. Both lines start to laser at threshold pump powers of 110 mW and
1.6 W for 800 nm and 905 nm pumps, respectively and the output laser power increases
with the pump power.

Finally, all-fiber dual-wavelength is demonstrated using a MMI filter in
conjunction with the cascaded gain medium. The MMI filter is designed by splicing a
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13.5 cm long MMF inside a ring cavity so that two transmission peaks at 1939.68 and
1959.60 nm with the maximum extinction ratio can be realized based on modal
interference. The proposed laser generates dual-wavelength output lines at 1939.68 and
1959.60 nm with the corresponding optical signal to noise ratio of 27 dB and 28 dB,
respectively. Both lines start to laser at threshold pump powers of 143 mW and 1.5 W for
800 nm and 905 nm pumps, respectively and the output laser power increases with the
pump power. The laser was stable for more than two hours and the dual wavelength operation

could be tuned by adjusting the parameters of the MM filter.
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CHAPTER 4

Pulsed Fiber Lasers Operating at 2 Micron Region

4.1  Introduction

Pulsed fiber lasers operating in the “eye-safe” wavelength region (A > 1.4 pum)
are promising for various applications such as metrology, remote sensing, free-space
communication, time-resolved molecular spectroscopy, and mid-IR super-continuum
generation. In the past several years, many studies on passively mode-locked or Q-
switched Thulium-doped pulse fiber lasers have been reported based on either active or
passive methods (El-Sherif & King, 2003; Jiang et al., 2013; Wang et al., 2011). These
lasers have been demonstrated based on various host media such as Silica, Tellurite,
Germanate and Fluoride fibers (EI-Sherif & King, 2003; Jiang et al., 2013; Wang et al.,
2011). For instance, Fang et. al. reported an actively Q-switched 2 pm fiber laser based
on Thulium-doped Germanate fiber laser that produced 15 ns pulses with peak power
greater than 33 kW (Fang et al., 2012). In another work, Q-switched pulse laser based
on 2.1 pum Tm*/Ho*/Yb** -triply-doped tellurite fiber was demonstrated using a
mechanical chopper operating at 19.4 kHz with an average power of 26 mW, pulse
energy of 0.65 pJ and pulse width in the range 100-160 ns (Richards et al., 2008). Wang
et al. reported an SESAM-based mode-locked fiber laser operating in the anomalous
dispersion regime at 1980 nm with pulse duration of 1.5 ps and energy of 0.76 nJ
(Wang et al., 2009). Among the host materials used, silica is preferable because of its

compatibility with standard optical components.

Compared with the active ones, passively mode-locked or Q-switched fiber
lasers feature flexibility of configuration and do not require additional switching
electronics. These lasers have been successfully demonstrated using different kinds of

saturable absorbers (SAs), such as semiconductor saturable absorber mirrors (SESAMs)
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(Kivisto et al., 2008), carbon nanotubes (CNTs) (Ahmad et al., 2014; Kieu & Wise,
2009) and graphene (Sotor et al., 2012). However, SESAMs are still expensive and
complex to be fabricated and consequently only one or two companies can supply 2 pm

SESAMSs.

In this chapter, various Q-switched and mode-locked fiber lasers operating in 2
micron region are demonstrated using either commercial Thulium-doped fiber (TDF) or
a newly developed Thulium-Ytterbium co-doped fiber (TYDF) as the gain medium. The
performance of these lasers is investigated for both artificial and passive saturable
absorbers. In this work. Multi-walled carbon nanotubes (MWCNT) film and graphene

oxide paper are used as a passive saturable absorber.

4.2  Q-switched fiber laser operating in 2 micron region based on nonlinear
Polarization rotation approach.

There are growing interests in compact 2 micron Q-switched laser sources
mainly driven by applications in spectroscopy, sensing, medicine and nonlinear optical
research (Baudelet et al., 2010; Lu et al., 2013; Theisen-Kunde et al., 2007; Wang et al.,
2012).Unlike active Q-switching (EI-Sherif & King, 2003) passive Q-switching is a
more convenient and cost-effective way to achieve high energy pulses because it does
not require additional switching electronics (Anyi et al., 2013; Harun et al., 2012).
Compared with lasers based on bulk gain media, a fiber format offers distinct
advantages including small footprint, robust beam confinement and environmental
stability . Thulium (Tm)-doped silica fiber (TDF) is a promising two-micron gain
material. It exhibits high quantum efficiency as well as a broad gain spectrum extending
from 1.8 to 2.1 um. Passive Q-switching of Tm fiber lasers has so far been realized by a
number of techniques including multiple quantum wells (Kivisto et al., 2008), Cr:ZnS
or Cr:ZnSe crystals (Qamar & King, 2005; Tang et al., 2008). However, all of these

implementations require the use of additional bulk components such as mirrors or lens
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pairs, thus compromising the key benefits of fiber lasers, in their compactness and
alignment-free operation .

Nonlinear polarisation rotation (NPR) effect in a fiber laser cavity is also widely
used to initiate and shape the pulses especially in mode-locked fiber laser. In fact, the
NPR technique can produce the intensity-dependent transmission by self-phase
modulation mechanism to provide an artificial SA effect in a fiber ring laser (Hamzah et
al., 2013). The saturable absorption strength can be adjusted by simply rotating the
polarization controller. In this section, we reported for the first time a passively Q-

switched all fiber ring laser operating at near 2 micron region based on NPR technique.

4.2.1 Configuration of the Q-switched laser

The schematic of the proposed Q-switched 2 micron fiber laser is shown in
Figure 4.1. It was constructed using a simple ring cavity, in which a 2 m long
commercial TDF and a 15 m long laboratory made Thulium Ytterbium co-doped fiber
(TYDF) was used as the active medium. The TDF is pumped by 800 nm laser diode via
an 800/2000 nm wavelength division multiplexer (WDM) while the TYDF is pumped
by 905 nm multimode laser diode via a multimode combiner (MMC). The TDF has a
core and cladding diameters of 9 um and 125 um respectively, a loss of less than 0.2
dB/km at 1900 nm and Tm ion absorption of 27 dB/m at 793 nm. The laboratory made
TYDF has an octagonal shaped double-clad structure, which was drawn from a lithium-
alumino-germano-silicate (LAGS) core glass optical preform, which was fabricated via
the MCVD process, followed by solution doping technique. The preform consists of an
Al203, Y203, Tm203 and Yb203 dopants with average weight percentage of 5.5,
3.30, 0.70 and 4.0, respectively. Such octagonal geometry of the cladding improves the
pump absorption efficiency. The doping levels of Tm3+ and Yb3+ ions of the fabricated

TYDF are measured to be around 4.85 x 1019 ions/cc and 27.3 x 1019 ions/cc,
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respectively using an electron probe micro-analyser (EPMA). The NA and core

diameter of the fabricated TYDF are measured to be 0.23, and 5.96 um, respectively.

Both gain media are cascaded to produce amplified spontaneous emission at

1950 nm region. The pigtails of the optical components were spliced by using a

commercially available fusion splicer. A PC is employed in the laser cavity to adjust the

polarization state of the circulating light. The laser output is taken by a 10% port of the

output coupler. An optical spectrum analyser and an oscilloscope behind the output

coupler are used to study the pulse spectrum and the output pulse train, respectively.

The output power is also measured by an optical power meter. In order to avoid the

passive mode-locking in our fiber laser, it is worth noting that we intentionally employ a

cascaded gain medium while imposing large splicing loss in the laser cavity.

800nm
Single-mode
Laser diode

WDM

90% 10dBCoupler

905nm Multi-
mode Laser diode

MMC

10%

Figure 4.1: Configuration of the proposed NPR based Q-switched fiber laser operating

at 1950 nm region
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4.2.2 Performance of the Q-switched laser

The NPR technique is used for achieving the passively Q-switched operation in
our fiber laser. Adjusting the PC, due to the NPR the MMC becomes an artificial
saturable absorber with the intensity-dependent transmission such that the intensive
wave can transmit the MMC and the weak wave is reflected. In the experiment, the 800
nm pump power is always fixed at 110.4 mW. When the 905 nm multimode pump
power was increased to about 2 W, the Q-switched pulses were always observed by
properly rotating the PC. A stable Q-switched operation commences from the
modulation of population inversion induced by the phase modulation of laser cavity,
which consists of a PC, MMC and highly birefringence gain media.A Q-switched pulse
is initiated when the PC is regulated so that the cavity loss is high. In this condition, the
lasing radiation is weak whereby it encountered very small nonlinear effects. This weak
radiation could not pass through the MMC and is blocked from circulating in the cavity.
Concurrently, inversion population will take place as the pumping continues and the
gain of the cavity builds up. After a certain time duration, optical amplification due to
stimulated emission begins. At this time, the radiation becomes strong enough to pass
through the polarizer where the loss of the cavity decreases abruptly and the population
inversion depletes quickly. Hence, the Q-switched pulse is formed. The Q-switching
operation is maintained when the pump power is further increased up to 2.5 W.
However, the pulse train disappears as the multimode pump power is increased above
25W.

Figure 4.2 shows the optical spectrum of the Q-switched laser at 905 nm pump
power of 2.3 W. It operates at 1949.0 nm with a signal to noise ratio of more than 36
dB. Correspondingly, the typical Q-switched pulse train is presented in Figure 4.3. The
repetition rate is 13.49 kHz. The pulse duration, which was measured directly from an

oscillograph, is about 3.089 ps. In order to further investigate the characteristics of the
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output Q-switched pulses, we fixed the orientation of the PC and only changed the 905
nm pump power from 2.0 to 2.5 W while maintaining the 800 nm pump power at 110.4
mW. Figure 4.4 presents the pulse repetition rate of the Q-switched operation and the
pulse width as a function of the pump power. Like typical Q-switched fiber lasers, the
pulse repetition rate increases from 6.36 to 16.45 kHz with increasing pump power from
2.0 to 2.5 W. On the other hand, the pulse width decreases from 7.82 to 2.93 pus as the
905 nm pump power is increased within the same range. This effect is due to gain

compression in the Q-switched fiber laser (Herda et al., 2008).
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Figure 4.2: Output spectrum of the proposed NPR-based Q-switched fiber laser.
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Figure 4.3: Typical pulse train of the proposed NPR-based Q-switched fiber laser at 800

nm and 905 nm pump powers of 110.4 mW and 2.3 W, respectively.
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Figure 4.5 shows the relation between average output power and pulse energy of
the Q-switched laser and 905 nm pump power. In the experiment, the 800 nm pump
power is fixed at 110.4 mW. Both output power and pulse energy increase almost
linearly with the pump power. The maximum pulse energy of 11 nJ is obtained at 800
nm single mode and 905 nm multimode pump powers of 110.4 mW and 2.5 W,
respectively. We believe that a further optimization of the cavity parameters should

significantly enhance the Q-switching performance.
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Figure 4.5: Average output power and pulse energy variation as a function of pump

power

4.3  Mode-locked fiber laser operating in 2 micron region based on nonlinear
Polarization rotation approach.

Mode-locking techniques can also be used for generating ultra short pulse fiber lasers
which may extend the applications of the 2 micron fiber lasers. A number of passively mode-

locked TDF lasers have been reported (Sharp et al., 1996). They can be roughly divided
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independently of the operation wavelength into two major categories depending on the mode-
locking mechanism. The first group can be defined as material saturable absorber (SA) based
laser, in which the real absorbing media, e.g., semiconductor saturable absorber mirror
(SESAM), single-wall carbon nanotube saturable absorber (SWCNTSA) and graphene, are
employed to initiate and shape the pulses. The second is referred to as nonlinear switching based
laser, in which the transmission or reflectivity property is dependent on the nonlinear phase shift
induced by nonlinear polarization rotation (NPR) effect in a laser cavity. The NPR technique
exhibits the capability of pulse self-shaping that is equivalent to a real saturable absorber (SA).
Up to date, many NPR-based mode-locked fibers laser have been demonstrated
operating in the 1.0 and 1.5 um regions (Liu et al., 2008; Tu et al., 2007). However, there is still
a lack of research work on 2 micron mode-locked fiber lasers. In this section, we demonstrated

a 2.0-um all-fiber mode-locked double-clad TYDF laser (TYDFL) using a NPR technique.

4.3.1 Configuration of the mode-locked laser

The experimental arrangement for the all-fiber mode-locked double-clad
TYDFL based on NPR technique is shown in Figure 4.6. The ring oscillator consists of
a MMC, a 15 m long TYDF, a 10 dB output coupler and a PC. The active fiber in the
ring oscillator is a laboratory made double-clad TYDF with an octagonal shaped pump
inner cladding with a core diameter of 5.96 um and a NA of 0.23. The selected fiber
length of 15 m provides > 90% pump absorption. A 905 nm multimode laser diode was
used to pump the TYDF through a MMC. The pulses are coupled out of the oscillator
using a 10 dB coupler, which allows 90% of the light to oscillate in the ring cavity. A
PC was placed in between the MMC and the output coupler to induce the nonlinear
phase shift through the NPR effect and initiate mode-locking in the cavity. The length
of total cavity is about 24.4 m including 15 m TYDF, 9.4 m SMF-28 pigtail fiber from
the pump combiner, PC and coupler. For the measurements of the laser output, an

InGaAs photodetector (EOT ET-5000F, USA) with a response time of approximately
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28 ps connected to a 500 GHz digital oscilloscope was used to measure the pulse train
and pulse waveforms. The spectrum of pulse was measured by an OSA (Yokogawa

AQ6375, Japan). The total cavity length is estimated to be around 24.4 m.
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Figure 4.6: The experimental setup of the proposed all-fiber mode-locked double-clad

TYDFL based on NPR technique

4.3.2 Performance of the mode-locked laser

The oscillator started to operate at continuous wave (CW) regime after reaching
the launched pump power of 1.6 W. Operation in this regime occurred with a small
pump power range. Stable self-starting mode-locked pulses were observed as shown in
Figure 4.7 by carefully adjusting the PC when the launched pump power was increased

to 2.7 W. As shown in the figure, the time interval is measured to be around 30.2 ns,
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which corresponds to a repetition rate of 33.1 MHz. Multiple pulses are generated as
identified in the pulse train, which is due to the energy quantization. The high repetition
rate obtained is due to the multiple pulses circulating inside the cavity that generate
harmonics mode-locked fiber laser. The major factors that create this phenomenon are
inter-related with the peak-power limiting effect of the laser cavity besides the gain
competition between the multiple pulses. Based on cavity length dependent theoretical
value, the generated mode locked laser operates in the 4™ harmonic mode. This proves
that the mode-locked laser in double-clad TYDFL is able to operate without any isolator
in the ring cavity. At 2.7 W pump power, the average output power was measured to be
1.55 mW and the pulse energy was calculated to be 46.9 nJ. It is worth mentioning that
the performance of the proposed mode-locking laser was significantly sensitive to the
PC orientation. Slight adjustment of the PC from their optimized position would lead to
CW breakthrough because of the existence of CW path in the oscillator induced by the
10 dB coupler. Fortunately, the PC enabled polarization dependent loss of the coupler to

close the CW path.
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Figure 4.7: Oscilloscope trace of the laser output at pump power of 2.7 W showing a

pulse train with a repetition rate of 33.1 MHz.
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The optical spectrum of the passively mode-locked laser is shown in Figure 4.8.
It operates at the center wavelength of 1953.5 nm without any observation of Kelly
sidebands. A slight spectral broadening is also observed with full-width half maximum
(FWHM)of around 0.4 nm, which is most probably due to self-phase modulation effect.
We estimate the minimum attainable pulse width according to the 3 dB bandwidth of
the output pulses, which is around 0.4 nm. Assuming that the output pulses possess a
transform-limited, secant hyperbolic temporal shape, their temporal width must be ~10
ps at a wavelength of 1953.5 nm. If the pulses have a frequency chirp, their temporal
width must be larger than that of the transform limited pulses. The radio frequency
(RF) spectrum measured with 30 MHz frequency span is depicted in Figure 4.9. The
repetition rate of the laser is 33.1 MHz, which corresponds to the fourth order harmonic
pulse with an approximately 22.4 m long cavity. A signal-to-noise ratio of about 12 dB

is observed, highlighting the moderate-amplitude fluctuation of the laser.
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Figure 4.8: Output spectrum of the proposed mode locked TYDFL at pump power of 2.7W.
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Figure 4.9: RF spectrum of the mode-locking pulse from the TYDFL

4.4  Multi-walled carbon nanotubes based Q-switched 2 micron fiber lasers
Recently, a new member of carbon nanotubes (CNT) family, multi-walled
carbon nanotubes (MWCNTS) (lijima, 1991; Su et al., 2012), have also attracted many
attentions because they possesses many advantages in nonlinear optics. The growth of
the MWCNT material does not need complicated techniques or special growing
conditions so that its production yield is high for each growth. Therefore the production
cost of MWCNT material is about 50% - 20% of that of single-walled CNT material
(Zhang et al., 2011). Additionally, MWCNT material has good thermal characteristics,
which is of great importance for high power ultrafast laser development. The Young
modulus of MWCNT is around 1000 GPa (Schadler et al., 1998),and the thermal

conductivity of MWCNT, 3000 Wm K, is very high (Kim et al., 2001). Compared with
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SWCNTs, the MWCNTSs have higher mechanical strength, better thermal stability as
well as can absorb more photons per nanotube due to its higher mass density of the
multi-walls. These favorable features are due to the structure of MWCNTS which takes
the form of a stack of concentrically rolled graphene sheets. The outer walls can protect
the inner walls from damage or oxidation so that the thermal or laser damage threshold
of MWCNT is higher than that of the single-walled CNTs (Banhart, 1999; Ramadurai et

al., 2008).

To date, there are only a few reported works on application of MWCNTSs
material as a saturable absorber (SA). For instance, Lin et. al. Employs multi-walled
MWCNTSs based SA for mode locking of a Nd:YVO, laser (Lin et al., 2013). In another
work, Q-switched Nd-YAG laser is demonstrated using the MWCNTSs based saturable
absorber as a Q-switcher. In this section, Q-switched Thulium-doped fiber laser (TDFL)
is demonstrated using a new developed MWCNTs-based SA. To the best of our
knowledge, this is the first demonstration using MWCNTS as the Q-switcher in the all-
fiber laser. The SA is constructed by sandwiching a multi-walled CNT- polyvinyl
alcohol (MWCNT-PVA) film between two fiber connectors. The proposed Q-switched
TDFL operating at 1846.4 nm region has potential applications in optical

communication, fiber sensor, laser processing, laser marking, etc.

4.4.1 Preparation and Raman characterisation of the saturable absorber

The SA was fabricated using MWCNTSs powder with a diameter 10-20 nm and the
length distribution of 1-2 um as a raw material. The MWCNTS was functionalized with sodium
dodecyl sulphate (SDS) so that it can be dissolved in water. 4 g of SDS was mixed with 400 ml
of deionized water before 250 mg MWCNT was added to the solution. The mixture was
sonicated for 60 minutes at 50 W to obtain a homogeneous dispersion of MWCNTS that was

then centrifuged at 1000 rpm to remove large particles of undispersed MWCNTSs. This
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dispersed suspension is expected to be stable for a few weeks. The dispersed MWCNTSs
suspension was mixed with a PVA solution at three to two ratio to obtain MWCNTs-PVA
composite. In our experiment, the PVVA solution was prepared by dissolving 1 g of PVA (Mw =
89x103 g/mol) in 120 ml of deionized water. The composite was sonificated for more than one
hour to realize a homogeneous MWCNTS-PVA precursor before it was casted onto a glass petri
dish and left to dry at room temperature for about one week to produce a film. The film has a
thickness of around 50 um. The SA was fabricated by sandwiching a small cutting of the film
between two FC/PC fiber connectors. Index-matching gel was applied onto the fiber ends of
the connectors before matching to reduce insertion loss. The insertion loss of the SA was
approximately 3.3 dB at 1900 nm.

Raman spectroscopy was performed on the MWCNT-PVA film using laser
excitation at 532 nm to confirm the presence of MWCNT. Figure 4.10 shows the
Raman spectrum, which indicates the distinct feature of the MWCNT. It is shown that
the Raman spectrum bears much similarity to graphene, which is not too surprising as it
is simply a rolled up sheet of graphene. MWCNT has many layers of graphene wrapped
around the core tube. We can see well defined G (1580 cm™) and G' (2705 cm™) bands
in the figure as there were in graphene and graphite. The G band originates from in-
plane tangential stretching of the carbon-carbon bonds in graphene sheet. We also see a
prominent band around 1350 cm™, which is known as the D band. The D band
originates from a hybridized vibrational mode associated with graphene edges and it
indicates the presence of some disorder to the graphene structure. This band is often
referred to as the disorder band or the defect band and its intensity relative to that of the
G band is often used as a measure of the quality with nanotubes. There is another series
of bands appearing at the low frequency end of the spectrum known as Radial Breathing
Mode or RBM bands. The RBM bands correspond to the expansion and contraction of

the tubes. The RBM modes are not clearly present in the MWCNT because the outer
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tubes restrict the breathing mode. As expected, the prominent D band is observed in Fig.
4.10, which indicates that the carbon nanotubes are a multi-walled type, which has
multi-layer configuration and disorder structure. The D' band which is a weak shoulder
of the G-band is also observed at 1613 cm™ due to double resonance feature induced by
disorder and defect. In addition, others distinguishable features like G + B band (2920
cm™), a small peak at 854 cm™ and Si were also observed as depicted in Figure 4.10.
The nonlinear characteristic of the MWOCNT was also investigated where the

modulation depth was measured at around 4.7%.
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Figure 4.10: Raman spectrum obtained from the MWCNT-PVA film
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4.4.2 Configuration of the MWCNTSs based Q-switched TDFL

The configuration of the proposed Q-switched TDFL is shown in Figure 4.11.
The resonator consists of a 2 m long commercial TDF, which is forward pumped by a
800 nm laser diode via a 800/2000 nm WDM, a MWCNT-PVA film based SA, and 10
dB output coupler. The TDF has a core and cladding diameters of 9 um and 125 pm
respectively, a loss of less than 0.2 dB/km at 1900 nm and Tm ion absorptions of 27
dB/m and 21 dB/m, at 800 nm and 1210 nm, respectively. The high absorption allows
the use of short active gain medium. The output of the laser is tapped from the cavity
through a 10 % port of the 10 dB coupler. The optical spectrum analyser (OSA,
Yokogawa, AQ6370B) is used for the spectral analysis of the Q-switched TDFL with a
spectral resolution of 0.02 nm whereas the oscilloscope (OSC, Tektronix, TDS 3052C)
is used to observe the output pulse train of the Q-switched operation via a 460 kHz
bandwidth photo-detector (Thor lab, PDA50B-EC). The total cavity length of the ring
resonator is measured to be around 5 m. Figure 4.12 shows the output spectrum of the
laser at pump power of 121.1 mW. It operates at 1846.4 nm with side-mode suppresion

ratio of more than 10 dB.
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Figure 4.11: Configuration of the Q-switched TDFL.
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Figure 4.12: The output spectrum of the Q-switched TDFL operating at 1846.4 nm.



4.4.3 Performance of the Q-switched TDFL

Initially, the continuous wave (CW) TDFL was investigated without putting the
MWCNT-PVA SA and the laser threshold was found to be at the pump power of 89.7
mW. It should be noted that no Q-switched operation occurs without the MWCNT-SA
connected in the laser cavity. It is clear that the Q-switched operation is mainly induced
by the SA. However, a stable and self-starting Q-switched operation was only observed
at the pump power of 121.1 mW. Figure 4.13 shows the oscilloscope traces of the Q-
switched pulse train, which shows no distinct amplitude modulation in each Q-switched
envelop spectrum. This indicates that the self-mode locking effect on the Q-switching is
weak for the proposed laser. At 121.1 mW pump power, a stable passively Q-switching
operation is obtained with an average output power of 0.12 mW and a repetition rate of
10.38 kHz. The pulse energy is calculated to be around 11.34 nJ. The pulse energy
could be improved by reducing the insertion loss of the graphene saturable absorber and
optimizing the laser cavity. Figure 4.14 shows the typical oscilloscope trace of the pulse
envelop at the pump power of 121.1 mW. As seen in the figure, the full-width at half
maximum or pulse width is approximately 17.52 us, which corresponds to peak power
of 0.62 mW. Further reduction in pulse width is expected by shortening the cavity

length using a higher dopant fiber.
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Figure 4.13: The pulse train for the proposed TDFL with MWCNT-PVA SA at 121.1

mW pump power with the repetition rate of 10.38 kHz.
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Figure 4.14: Pulse spectrum envelop at pump power of 121.1 mW with pulse width of

17.52 ps.
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These results indicate that MWCNTSs has a big potential for superior Q-
switching and saturable absorption in 1900 nm region compared to conventional light
absorbing components when carefully employed in an appropriate laser system. The
fabrication of the SA is also simple and thus the cost of the laser should be low. Further
refinement of the fabrication process is required to obtain mode locking operation in
both regions. The simple and low cost laser is suitable for applications in metrology,

environmental sensing and biomedical diagnostics.

45  Mode-locked 2 micron fiber laser with MWCNTs-PVA SA

In section 4.3, mode locked Thulium Yiterbium co-doped fiber laser (TYDFL)
operating at 1953.5 nm was achieved using nonlinear polarization rotation (NPR) technique
and Thulium Ytterbium co-doped fiber as the gain media. . Although the NPR techngiue is
well established in 1.5 um region, NPR induced lasers tend to be environmentally unstable. In
this section, a mode-locked 2 um fiber laser is demonstrated using a simpler and low cost
MWCNTSs-PVA based SA. In this work, a commercial Thulium-doped fiber and homemade

double-clad TYDF are used as the gain media.

4.5.1 Experimental arrangement and Raman spectrum

Figure 4.15 shows the experimental setup of the proposed mode-locked 2 micron fiber
laser using the fabricated MWCNTSs-PVA film as a SA. A 2 m long TDF is employed as a gain
medium pumped by a 800 nm laser diode via an 800/2000 nm WDM and 15 m long
homemade TYDF, which is pumped by 905 nm multimode laser diode via a MMC as gain
media. The TDF and TYDF have same specifications with the previous sections. The output
laser is tapped via a 10 dB coupler which keeps 90% of the light oscillating in the ring cavity.
The cavity length is measured to be approximately 23.5 m. A PC is utilized to tune the
polarization state of light in the laser cavity. The OSA with a spectral resolution of 0.05 nm is

used for the spectral analysis of the mode-locked laser and an oscilloscope is used to analyze the
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output pulse train of the mode-locking operation via a photo-detector. The SA was fabricated
using the same MWCNTSs raw material with the similar process as described in section
4.4. The only difference is on the mixing ratio of MWCNTSs with PVA. In this work, the
dispersed MWCNTSs suspension was mixed with a PVVA solution at one to four ratio to
reduce the film’s loss for mode-locking operation.

Figure 4.16 shows the Raman spectrum, which was obtained by exciting the MWCNTs-
PVA film using a 352 nm laser. It shows a well-defined G (1585 cm™) and D (1433 cm™) bands
as normally observed in the spectra of graphite or graphene. The existence of prominent D-band
in Raman spectrum shows that the carbon nanotubes are a multi-walled type with multi-layer
configuration and disordered structure. The D band which is less intense than the G peak is
reported to be upshifted to 1275 cm™ in MWNTs-PMMA composite, while in this work we
observed a downshift of D band for MWNTSs-PVA polymer composites. The absence of Radial
Breathing Mode (RBM) at ~250 cm™ band in the Raman spectrum confirms the multi-walled
type of CNT used in our experiment. This is due to the diameter of the wrapped CNT which
consist of too many walls or the inner wall diameter is too big as discussed in the previous
section. Furthermore, other prominent features like D+G band (2900 cm™) and a small peak at

845 cm™ can also be observed in the Raman spectrum of Figure 4.16.
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Figure 4.15: Experimental setup of the proposed mode-locked 2 um fiber laser using a hybrid
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Figure 4.16: Raman spectrum obtained from the MWCNTSs-PVA film.
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4.5.2 Mode-locking performance of the 2 micron fiber laser

The output spectrum of the mode-locked laser was firstly monitored by an OSA whose

resolution is limited to 0.05 nm. Figure 4.17 shows the optical spectrum when the 800 nm and

905 nm pump powvers is fixed at 141.5 mW and 1.8 W respectively. The laser operates at the

center wavelength of 1951.8 nm, which is relatively longer wavelength region, due to the use of

TYDF, which provides a higher gain at longer wavelength due to energy transfer from

Ytterbium to Thulium ions. The full-width at half maximum (FWHM) of the output spectra is

obtained at ~1.3 nm, which is slightly broadened due to self-phase modulation (SPM) effect in

the laser cavity.
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Figure 4.17: Optical spectrum of the mode-locked laser
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A stable mode-locking of the laser was observed as the 905 nm multimode pump powers

was varied within 1.8 — 2.2 W when the single-mode 800 nm pump power was fixed at 141.5

mW. At the beginning, the PC was slightly adjusted to initiate the mode-locking. Figure 4.18
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illustrates a typical pulse train output from the mode-locked laser when the 800 nm and 905 nm
pump powvers is fixed at 141.5 mW and 2.2 W respectively. As shown in the figure, the peak to
peak pulse duration for the laser is measured at 28.9 ns, which corresponds to a repetition rate of
34.6 MHz. The repetition rate is observed to be constant even when the multimode pump power
is increased from 1.8 to 2.2 W. In order to show that the mode-locking operation was made
possible by the MWCNTs SA, the same laser configuration was also tested without the
MWCNTSs film. But, no pulse train was observed in such configuration at any position of the

PC.
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Figure 4.18: Oscilloscope trace of the typical pulse train from the mode-locked laser

Figure 4.19 shows a plot of a typical output second harmonic generation (SHG)
autocorrelation trace, superimposed on the sech? fit. Assuming a sech? profile, the pulse
duration is estimated to be around 10.79 ps. The time—bandwidth product (TBP) of the
output pulses is ~11.05, with a major deviation from the value of 0.315 expected for

transform-limited sech? pulses. This shows that the pulse is highly chirped by the
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dispersion effect in the cavity, limiting the minimum achievable pulse width. Another
limitation to shorter pulses could be due to spectral filtering effects introduced by the

Thulium gain medium.
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Figure 4.19: Autocorrelation trace, with sech? fit

It is also found that the average output power of the proposed mode-locked laser is
linearly related with the pump power. It is observed that the output power increases from 0.31
mW to 0.59 mW as the 905 nm pump power rises from 1.8 to 2.2 W while the 800 nm pump
power is fixed at 141.5 mW. At the maximum pump power, the pulse energy is calculated to
around 17.0 pJ. The radio frequency (RF) spectrum was also investigated and the result is as
depicted in Figure 4.20. The repetition rate of the laser is 34.6 MHz, which corresponds to the
fourth order harmonic pulse with an approximately 23.5 m long cavity. A signal-to-noise ratio
(SNR)of about 20-25 dB is observed, highlighting the moderate-amplitude fluctuation of the

laser.
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Figure 4.20: RF spectrum of the mode-locked fiber laser

4.6 Graphene Oxide Paper for Mode-locking

Up to now, most ultra-short pulse fiber lasers have adopted passive mode-
locking technology, in which saturable absorbers (SAs) act as a key part. The
improvement of lasers relies on the optical properties of SAs, for instance, transparency
and optical non-linearity. In sections 4.3 and 4.5, mode-locked fiber lasers have been
demonstrated using a NPR and multi-walled carbon nanotubes based SA, respectively.
NPR currently dominate passive mode-locking especially in 1.5 pum region. However, it
strongly depends on the polarization and phase evolution of the optical pulse in the laser
cavity, so in a long cavity it can be easily overdriven and affected by the

environmentally induced fiber birefringence (Keller, 2003; Sun et al., 2010). As a
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promising SAs candidate, carbon nanotubes (CNTs) have advantages both in recovery
time and saturable absorption. In order to achieve waveband tuning, CNTs with
different diameters have to be mixed, resulting in extra linear losses, consequently
increasing the difficulty of mode locking.(Hasan et al., 2009; Zhang et al., 2009). As an
upcoming material in recent years, graphene has also emerged as a new saturable
absorption material. It possesses favourable characteristics for SAs, similar to CNTs. As
a result of gapless linear dispersion of Dirac electrons, graphene SAs would achieve
wideband, tunable operation without the need of bandgap engineering or
chirality/diameter control.(Bao et al., 2009; Bonaccorso et al., 2010; Hasan et al., 2009;
Sun et al., 2010). However, the processability are the first issue for the graphene based
materials.

The structure of graphene oxide (GO) is composed of sp?-bonded areas with
variable size, which are divided by surface oxidation in the form of carboxyl, hydroxyl
or epoxy groups. The synthesis of GO is relatively easier than graphene, and more
importantly, can be prepared in large quantities in both water and organic solvents
(Hummers Jr & Offeman, 1958; Stankovich et al., 2007). Although the electric
conductivity is highly influenced by the content of defect clusters, GO has good optical
properties. Further investigation shows GO has ultrafast recovery time and strong
saturable absorption, which is comparable to that of graphene (Loh et al., 2010). The
reported research work on GO based SAs are realized by mirror (Xu et al., 2012; Xu et
al., 2012), photonic crystal fiber filled with few-layered graphene oxide solution (Liu et
al., 2011), fused silica windows with GO and reduced GO layers (Sobon et al., 2012),
GO aqueous dispersion (Wang et al., 2012), reflective GO absorber with glass and
copper (Feng et al., 2012), sandwich structured GO/PVA absorber (Wang et al., 2013)

and GO membrane on microfiber (He et al., 2012).
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Recently, a graphene oxide paper has also been developed and commercially
available for various applications. It can be prepared by mixing graphite oxide in water.
The oxygen atoms of graphite oxide repel water molecules, thus, undergoing complete
exfoliation in water, producing a colloidal suspensions of almost entirely individual
graphene oxide sheets. After filtering the exfoliated mixture through a membrane, these
graphene oxide sheets could be made into paper-like material under a directional flow.
A free-standing graphene oxide paper is obtained after drying. By changing the oxygen
amount on the layers, the material can be an electrical insulator, semi-conductor or
conductor. This material is uniform and dark brown in colour. (Dikin et al., 2007). In
this section, a soliton mode-locked TYDFL is demonstrated using a commercially
available graphene oxide (GO) paper as a saturable absorber (SA) for the first time. The

SA is constructed by sandwiching the GO paper between two fiber connectors.

4.6.1 Experimental setup and Raman analysis for GO paper

The experimental setup for mode-locked TYDFL is schematically shown in
Figure 4.21. It was constructed using a simple ring cavity, in which a 15 m long double-
clad TYDF was used for the active medium and the GO paper based SA was used as a
mode-locker. The set-up is almost similar to the previous work on NPR-based mode-
locked TYDFL (Figure 4.6) except for the incorporation of SA. The fiber-type SA
device was constructed by inserting a piece of GO paper in between two ferules. The
TYDF was pumped by a 905 nm multimode laser diode via MMC. The length of total
cavity is set at around 22.4 m so that the net cavity dispersion was anomalous for
modelocking. The PC was used to adjust the polarisation state of the oscillating light
and thus facilitate self- starting laser. The 10% port of a 90/10 coupler is used to

monitor laser output.
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Figure 4.21: Experimental setup for the soliton mode-locked TYDFL

Figure 4.22 shows the result of Raman spectroscopy on graphene oxide paper,
which was performed using 532 nm laser. The exposure time was set to 20 s. From the
result, there are two distinctive peaks that can be observed; at 1349 cm™ and 1588 cm™.
These two peak corresponds to D-band and G-band respectively (Yang et al., 2009).
The peak at D-band is caused by the hybridized vibrational mode related to graphene
edges and it also reveal that there is disorder to the graphene structure. The G-band, also
known as the graphite or tangential band, is due to the energy in the sp? bonded carbon
in planar sheets. The in-plane optical vibration of the bond resulted in Raman spectrum
at the frequency (Zhu et al., 2010).A bump at 2700 cm™, also known as G’ or 2D band,

is barely observable because the laser power is low. Because the intensity of G’ band is
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lower than the G band, it also shows that the GO paper has more than one graphene

layer.
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Figure 4.22: Raman spectroscopy result of graphene oxide paper

4.6.2 Performance of the GO paper based mode-locked TYDFL

Mode-locking was self-started by fine tuning the polarization controller when
pumping at the threshold pump power of 1.8 W. The output spectrum of the laser when
the laser was first mode-locked is shown in Figure 4.23. The output spectrum of the cw
TYDFL, which was obtained by removing the SA is also presented for comparison
purpose. As shown in the figure, the spectra were centered at about 1942.0 nm and
1943.5 nm as the TYDFL is configured with and without the SA, respectively. It is
observed that the operating wavelength shifts to a shorter wavelength with the insertion
of SA into the cavity due to the change in cavity loss. The oscillating laser shifts to
shorter wavelength to acquire more gain to compensate the insertion loss of the SA.
With the SA, the presence of soliton is also confirmed with a weak Kelly side bands at

97



1941.96 and 1942.15 nm as shown in the inset figure of Figure 4.23. This shows that

this mode-locked fiber laser is operating in anomalous dispersion regime.
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Figure 4.23: Output spectrum of the mode-locked TYDFL with and without SA

The total length of the laser cavity was measured to be approximately 22.4 m,
comprising 15 m TYDF and 7.4 m SMF with estimated dispersions of -0.083 ps*m and
-0.034 ps®/m, respectively at 1942 nm. The total cavity dispersion comprises of the fiber
dispersion and the material dispersion from graphene. Thereafter,

Total cavity dispersion = (Dsmr X Lswmr) + (D1yor X Lryor) + Daraphene (4.2)

The material dispersion from graphene could be roughly deduced
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Assuming that the output pulses possess a transform-limited, secant hyperbolic temporal
shape, the pulse width of the soliton fiber laser could be estimated through the following

equation:

2 A7
Ad=%], |———0.0787 - (4.3)
cDL (ct)

Where AA is the first order Kelly sideband separation, A, is the central wavelength, D
is the average cavity dispersion parameter, L is the cavity length, c is the light velocity in
vacuum and t is the soliton pulse width. Using experimentally observed parameters,

including AA=0.1nm , A,=1942 nm and D = 1.46 ps®, the pulse width is estimated to

be around 1.1 ns.

The typical pulse train of GO paper based passive mode-locked laser is shown in
Figure 4.24 at 1.8 W pump power. It has a pulse-to-pulse separation of 44.8 ns,
corresponding to a pulse repetition rate of 22.32 MHz which matches the fouth
harmonic of the cavity roundtrip time with cavity length of 22.4 m. This indicates the
well dispersed GO in the paper sheet exhibits saturable absorption for harmonic mode-
locking operation. The modulation of the pulse amplitude is an artifact caused by the
limited sampling points on the sampling oscilloscope, since the pulse duration is too
narrow and the sampling rate of our oscilloscope is only 1 Gs/s. The RF spectrum of the
mode-locked pulses was also measured as shown in Figure 4.25. Its forth harmonic peak
locates at the frequency of 22.32 MHz and has a signal-to-noise ratio (SNR) of 18 dB,
which further confirms the feasibility of mode-locking in operation. However, the
stability of pulse trains is still low. The performance of the fiber laser was relatively
stable during the measurement for half an hour. Compared to other functional materials,

which is accompanied by special technical and engineering methods, the performances
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of GO paper are not the best. However, GO paper is a competent material for optical

applications with extra properties in ease of preparation, transparency, fluorescence, and

optical non-linearity.
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Figure 4.25: RF spectrum for the mode-locked TYDFL
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47  Summary

A 2 micron pulsed laser has been succesfully demonstrated using either
commercial TDF or a newly developed TYDF as the gain medium. At first, we propose
and demonstrate a passively Q-switched fiber laser operating at 1949.0 nm using a
commercial TDF and homemade double-clad TYDF as the gain media in a ring
configuration based on NPR technique. The cavity consists of 2 m long TDF and a 15 m
long TYDF which is pumped by a single-mode 800 nm and a multimode 905 nm,
respectively. The combination of these gain media and multimode combiner functions
as an artificial saturable absorber which enables the intensity-dependent transmission
inside the cavity for the Q-switching. The proposed Q-switched laser produces a stable
pulse train with a repetition rate of 13.49 kHz and pulse width of 3.089 us when the 905
nm multimode pump power and 800 nm pump power are fixed at 2.3 W and 110.4 mW,
respectively. The maximum pulse energy of the Q-switched laser is obtained at 11 nJ.
An all-fiber mode-locked TYDFL operating at 1953.5 nm is then demonstrated using
the NPR technique. The mode-locked pulse is self-started at threshold 905 nm pump
power of 2.7 W. The pulse has repetition rate of 33.1 MHz, the calculated pulse width
of 10 ps and pulse energy of 46.9 nJ at 2.7 W pump power.

We have also demonstrated a passive and stable Q-switched fiber laser operating
in 1846.4 nm using a MWCNTSs-PVA thin film based SA. The film was sandwiched
between two ferrules and the SA was incorporated in the TDFL ring cavity to produce a
stable pulse train with 10.58 kHz repetition rate, 17.52 us pulse width and 11.34 nJ
pulse energy at 121.1 mW pump power. A passively mode-locked fiber laser is also
demonstrated using a MWCNTs-PVA film based SA. The laser is designed to operate at
1951.8 nm by using a cascaded gain media of TDF and TYDF. Stable mode-locking
pulse with a repetition rate of 34.6 MHz and pulse width of 10.79 ps is obtained when

the 905 nm multimode pump power reaches 1.8 — 2.2 W while the single-mode 800 nm
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pump power is fixed at 141.5 mW. In addition to showing good Q-switching and mode-
locking performances, the MWCNTS SA is also easy to fabricate at low cost.

Finally, a soliton mode-locked TYDFL is demonstrated operating at 1942.0 nm
using a commercially available nonconductive graphene oxide paper as a saturable
absorber. The paper which is sandwiched between two fiber ferrules acts as a mode-
locker. The TYDFL generates a soliton mode-locked pulse train with a repetition rate of
22.32 MHz and calculated pulse-width of 1.1 ns. It is observed that the fiber laser has a
low pulsing threshold (1.8 W) as well as low damage threshold. The easy fabrication of

graphene oxide paper should promote its potential application in ultrafast photonics.
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CHAPTER 5

Q-Switched Erbium-Doped Fiber Laser with Solid State
Saturable Absorber Based on Thulium Doped Fiber

5.1 Introduction

Q-switched pulsed lasers operating in the “eye-safe” wavelength region above
1.5 um have many potential applications such as in light detection and ranging (lidar)
system, optical communication, sensor and instrumentations. Fiber lasers are suitable
for such applications due to their excellent beam quality that can be made independent
of the output power. Q-switched fiber lasers are normally achieved using active
techniques such as acousto-optics modulators (Delgado-Pinar et al., 2006; Huang et al.,
2000), piezoelectric actuators (Russo et al., 2002), or magnetostrictive transducers
(Pérez-Millan et al., 2005) to modulate the Q-factor of the cavity. Besides, they can also
be realized using passive approaches such as semiconductor saturable-absorber mirrors
(SESAMs) (Paschotta et al., 1999), graphene (Ismail et al., 2013) and single-walled
carbon nanotubes (CNTSs) saturable absorbers (Hasan et al., 2009). However, SESAM’s
are complex, expensive to fabricate, operate in narrow wavelength band, require
expensive clean room equipment and have low damage threshold and long recovery
time. On the other hand, graphene and CNTs have a low damage threshold and thus
limits the attainable pulse energy.

Q-switching can also be achieved by modulating cavity Q-factor using solid-
state saturable-absorber fibers (Dvoyrin et al., 2007; Kurkov et al., 2009; Tsai et al.,
2009). These saturable-absorber fibers are advantageous due to their ability to hold
enormous gain excited in the fiber from lasing. They also have a high damage threshold
suitable for generating high-power Q-switched pulses. Up to date, there is still a lack of
research effort in this area and most of the works focus mainly on Ytterbium-doped

fiber lasers (Dvoyrin et al., 2007; Kurkov et al., 2009). It is known that the energy
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transition *Hg - °F4 of Tm** has a very broad emission and absorption band ranging from
1.6 - 2.1 pm and 1.5 - 1.9 um respectively. It is reported that the absorption cross
section of Thulium doped fibers (TDFs) are larger than the emission cross section of
Erbium-doped fiber (EDF) at around 1.6 pm region. This suggests a possible
application of TDF as SA in a passively Q-switched Erbium-doped fiber laser (EDFL).
In this chapter, various Q-switched EDFLs are proposed and demonstrated by
using a short piece of TDF as a passive saturable absorber in a ring laser cavity. The
performance of this laser is also compared with graphene oxide based SA, which was
previously developed in Chapter 4. Finally, a dual-wavelength Q-switched EDFL is

proposed using the solid state TDF SA.

5.2  All-fiber Q-switched EDFL operating at 1534.5 nm

Figure 5.1 shows the configuration of the proposed all-fiber Q-switched EDFL
using a passive TDF SA. The laser resonator consists of a 3 m long EDF gain medium,
a 980/1550 wavelength division multiplexer (WDM), an optical isolator, a 10 dB
coupler and a 1 m long TDF as a SA. The EDF used has absorption coefficients of 23
and 35 dB/m at 980 and 1531 nm wavelength respectively. The numerical aperture
(NA) of the EDF is 0.16 and its core and cladding diameters are 4 um and 125 um
respectively. It is pumped by a commercial 980 nm laser diode with a maximum pump
power of 125 mW via a WDM. The TDF has an initial absorption loss of 6 dB at around
1570 nm, NA of 0.16 and core diameter of 2.9 um. An optical isolator is used to avoid
the backward reflection and ensure unidirectional operation. The laser light is extracted
from the ring resonator by a 10 dB fiber coupler which keeps 90% of the oscillating
light in the cavity. An optical spectrum analyzer with wavelength resolution of 0.05 nm
is used to capture the output laser spectrum while a 350 MHz oscilloscope in
conjunction with 1.2 GHz bandwidth photo-detector is used to detect the pulse train.

The length of the cavity is approximately 7 m.
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Figure 5.1: The configuration of the proposed Q-switched EDFL

Figure 5.2 shows the output spectra of the EDFL with and without the TDF SA.
Without the TDF we observed a stable CW operation of EDFL at 1553.0 nm. After
incorporating the 1 m long TDF in the cavity we obtained pulsed lasing. The operating
wavelength of the pulsed laser is shifted to a shorter value (1534.5 nm) due to the cavity
loss which increases with the incorporation of TDF. To compensate for the loss, the
laser operates at a shorter wavelength which has a higher gain. Spectral broadening in
the Q-switch fiber laser is attributed to self-phase modulation (SPM). A typical pulse

train of the Q-switched laser generated at pump power of 75 mW is shown in Figure
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5.3. From the figure, the peak to peak pulse separation is calculated at 38.6 pus, which is
equivalent to a repetition rate of 25.9 kHz. The pulse width is 16.86 ps from the
oscilloscope. The Q-switching pulse generation is due to gain-switching action provided

by the Thulium ions interaction with the oscillating Erbium laser.
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Figure 5.2: The output spectra with and without the TDF SA for the proposed EDFL
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Figure 5.3: Typical pulse train at pump power of 75 mW.

Figure 5.4 shows the pulse repetition rate and pulse width against 980 nm pump
power. As the pump power increases from 23 to 75 mW, the repetition rate of the Q-
switched pulses monotonically grows from 11.0 to 25.9 kHz. At the same time, the
pulse duration reduces from 37.56 to 16.86 ps as expected. We also measured the
average output power and the corresponding calculated single-pulse energy at various
pumping powers as shown in Figure 5.5. It is observed that both output power and pulse
energy almost linearly increase with pump power from 23 to 75 mW. However, at
above 75 mW pump power, the pulse train becomes unstable and disappears. This is
due to the inability of the TDF SA to fully recover in time after a pulse and insufficient
gain population for excitation before the next pulsing. It suggests that the relaxation
lifetime (°Fs) of the TDF is close to 0.039 ms which is calculated from the inversion of
the largest repetition rate before disappearing. At the maximum pump power of 75 mW,
an output power of 0.483 mW is obtained which corresponds to the maximum pulse

energy of 18.6 nJ. Energy characteristics of the Q-switched laser allow possible
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applications for various technological

processes such as marking,

trimming,

micromachining and others. The laser can also find applications in medicine due to the

relatively high absorption by biological tissue. The output power and energy are

expected to further increase by the optimization of cavity design and saturable absorber.

Inset of Figure 5.5 shows the RF spectrum of the Q-switched laser at pump power of 75

mW, which indicates a repetition rate of 25.9 kHz. The signal to noise ratio is measured

to be around 50 dB, which indicates the stability of the Q-switching generation.
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Figure 5.5: Average output power and pulse energy against the 980nm pump power.

5.3  Performance comparison with graphene oxide paper (GOP)

In Chapter 4, a soliton mode-locked Thulium Ytterbium co-doped fiber laser
(TYDFL) was demonstrated using a commercially available graphene oxide (GO) paper
as a SA. The choice of the commercial GO paper (GOP) as SA is due to the simpler
manufacturing technology and the possibility of mass production which make GO much
easier and common to obtain at a lower cost. Compared to graphene, GO shows no
significant difference in the laser performance (Sobon et al., 2012). GO SA was also
experimentally tested and reported to construct passively Q-switched Erbium-doped
fiber laser (Ahmad et al., 2012). In this section, a new Q-switched EDFL is proposed
and demonstrated using both TDF and GOP SAs as the Q-switcher for comparison
purpose.

Figure 5.6 shows the experimental setup to compare the Q-switching

performance between GOP and TDF SA. The resonator has the same components with
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the previous setup of Figure 5.1. It uses a 0.8 m long EDF instead of 3 m as the gain
medium. The EDF is pumped by a 980 nm laser diode via 980/1550 WDM. In this
setup, the SA is placed between the isolator and WDM coupler to optimize the
performance of the laser. The GOP used in this experiment is similar with the previous
work in Chapter 4. The TDF used is also similar with the previous section. The TDF
length is fixed at 0.25 m in this work to optimize the cavity loss. The laser output is
tapped from 10 % port of the output coupler, before it is characterized using an OSA,

oscilloscope and RF spectrum analyzer.

Laser Doide
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WDM 0.8m
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Figure 5.6: Experimental setup to compare the performance of the TDF with GOP as a

saturable absorber in a Q-switched EDFL.
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Initially, the continuous wave (CW) EDFL was investigated without the SA and
the laser threshold was found to be at the pump power of 10 mW. As a GOP SA is
incorporated in the cavity, CW lasing was obtained at slightly higher threshold pump
power of 18 mW due to the insertion loss of the SA. A stable and self-starting Q-
switched operation was observed as the pump power is further increased above 22 mW.
It should be noted that no Q-switched operation occurs without the SA connected in the
laser cavity. This shows that the Q-switched operation is mainly induced by the SA. As
the GOP SA is replaced by 0.25 m long TDF, the Q-switching pulse is obtained at a
lower threshold pump power of 14 mW. This is due to the insertion loss of the TDF,
which is lower than GOP SA. Figure 5.7 shows the optical spectra of both Q-switched
lasers with GOP and TDF, which are measured at 980 nm pump power of 50.5 and 25.4
mW, respectively. The optical spectrum of the CW laser, which was obtained by
removing the SA is also shown in the figure for comparison purpose. In the CW laser,

the pump power is fixed at 50.5 mW.

As can be seen in Figure 5.7, the EDFL cavity operates at 1557.7 nm, 1550.5 nm
and 1534.5 nm as the laser is configured without SA, with TDF SA and with GOP,
respectively. It is also observed that the operating wavelength of the laser shifted from
1557.7 nm to 1550.5 nm with the incorporation of TDF SA. This is attributed to the
cavity loss, which increases with the incorporation of SA. Therefore, the laser operates
at a shorter wavelength to acquire more gain to compensate for the loss. The operating
wavelength is further shifted to a shorter wavelength as the TDF is replaced by GOP

SA. This might be due to insertion loss of the GOP SA, which is higher than the TDF.
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Figure 5.7: Comparison of output spectra from three different EDFL cavities

configured with and without SA.

The typical Q switched pulse train of the EDFL is presented in Figure 5.8 when
the pump power is fixed at 25.4 and 50.5 mW for the laser configured with TDF and
GOP, respectively. The repetition rates are obtained at 15.9 and 31.4 kHz with TDF and
GOP, respectively. The corresponding pulse durations, which were measured directly
from an oscillograph, are about 28.0 and 13.8 s, respectively. This figure also shows
no distinct amplitude modulation in each Q-switched envelop spectrum. This indicates
that the self-mode locking effect on the Q-switching is weak for both lasers. Figure 5.9
shows how the repetition rate and pulse width of both lasers are related with the pump
power. The pulsed operation was started at 14 mW with both repetition rate and pulse
width are pump-dependent up to 26.7 mW for the EDFL configured with TDF. With
GOP, the pulse operation is obtained within pump power of 22 mW to 50.5 mW, a
typical signature of Q-switching. It is worthy to note that the GOP was burned when the
pump power was further increase. In the proposed Q-switched EDFL with TDF SA, the

repetition rate increases from 4.5 to 16.7 kHz while the pulse width reduces from 37.2
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to 27.8 ps as the pump power is varied from 14.0 to 26.7 mW. The pulse repetition rate

increases from 14.3 to 31.4 kHz with increasing pump power from 22.0 to 50.5 mW
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Figure 5.8: Typical pulse train of the EDFL with TDF and GOP at pump powers of 25.4

mW and 50.5 mW, respectively.
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Figure 5.9: The repetition rate and pulse width as a function of input pump power for

both EDFLs configured with TDF (solid symbols) and GOP SAs (hollow symbols).

Figure 5.10 shows the average output power and pulse energy as a function of
980 nm pump power for both EDFLs. The output power and pulse energy in both
EDFLs show an increasing trend with the pump power. The maximum pulse energy of
15.8 nJ and 16.8 nJ are obtained at pump powers of 25.4 mW and 45.5 mW for the
EDFL configured with TDF and GOP, respectively. This shows that the EDFL
configured with TDF can achieve the same pulse energy at lower pump power
compared to the use of GOP. The radio-frequency (RF) measurement of the output
intensity for both EDFLs are shown in Figure 5.11. In the experiment, the pump power
is fixed at 25.4 mW and 50.5 mW for the EDFL configured with TDF and GOP
respectively. From the figure, the laser is observed to operate at frequencies of 15.9 kHz
and 31.4 kHz, corresponding to a period of ~62.9 ps and 31.8 ps with the use of TDF

and GOP, respectively as the SA. The signal to noise ratio (SNR) is obtained at around
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20 and 12 dB with TDF and GOP, respectively. This shows that pulse stability is better

with the use of TDF SA in the proposed EDFL setup.

0.6
<o
0.5 4 -
<
o ° o 8
E 0.4 - o \'g e -
]
E 0.3 - o ® -
= <o o ®
= O
é 0.2 A O < @ Output Power i
| O o
J ¢ Pulse Energy i
0.1 OO 8
©
0 +rrrrrfrTTTTTTTTT T T TTTTT T T T T TTTTITTIT T T TTTTTITTITTTITTTTYY

13 16 19 22 25 28 31 34 37 40 43 46 49 52 55

Pump Power (mW)

18

16

14

12

10

6

Pulse Energy (nl)

Figure 5.10: The average pump power and pulse energy as a function of input pump

power for both EDFLs configured with TDF (solid symbols) and GOP SAs (hollow

symbols).
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Figure 5.11: Comparison of output RF spectrum obtained with TDF and GOP SA.
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5.4  Dual-wavelength Q-switched EDFL with TDF SA

Multi-wavelength Q-switching lasers show versatile applications in airborne
Lidar, terahertz  generation, microwave optics, biomedical diagnostics,
telecommunication and sensing applications (Kurkov et al., 2010; Lou et al., 2008;
Nawata et al., 2012; Urquhart, 1988). Some techniques had been proposed in Chapter 3
to deliver dual-wavelength fiber laser including spatial filtering effect, inline microfiber
Mach Zehnder interferometer and multimode interference effect. Very recently, by
using the birefringence-induced filtering effect, a dual-wavelength Q-switched EDF
laser with a graphene saturable absorber has been reported (Wang et al., 2012).
Leveraging the spectral gain peaks of the Yb-doped fiber wavelength, the dual-
wavelength passively Q-switching operation has been demonstrated around 1lum
wavelength, which uses Cr**:YAG as the saturable absorber (Pan et al., 2008). Based on
the broad absorption spectrum of TDF, dual-wavelength Q-switched lasers are also
possible to be realized with this kind of low-cost, fiber-compatible saturable absorbers.
In this section, based on a TDF saturable absorber, without using any spectra filtering
effect or modulation elements in the cavity, we experimentally demonstrate an all-fiber,
passively Q-switched EDFL, which can simultaneously generate two pulse trains at
different wavelengths over 16 nm apart. Generation of the dual-wavelength output is
based on the spectral gain profile of the EDF that could possess two peaks under certain

pump and signal conditions determined by the intra-cavity loss (Zhao et al., 2011).

5.4.1 Configuration of the proposed dual-wavelength EDFL

Figure 5.12 shows the experimental setup of TDF SA based passively Q-
switched dual-wavelength EDFL. The laser resonator is similar with Fig. 5.1 except for
TDF length, which is fixed at 0.7 m to reduce the mode competition and allows dual-
wavelength simultaneous lasing to take place in the cavity. A 980/1550 nm WDM is

used to launch the 980 nm pump light into the laser cavity. A 10% coupler is employed
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to couple out light. The 3 m long EDF is pumped by a 980 nm laser diode. The total
cavity length is measured to be around 6.7 m. The output pulse trains are passed through
a tunable pass filter with the filtering bandwidth of 1 nm and an insertion loss of around
1.1 dB. It was split into two paths via a 3 dB coupler so that the spectrum and temporal
characteristics of the output light can be analyzed simultaneously by an OSA and a 350
MHz oscilloscope via a photodetector, respectively. We note that there is no device with
large birefringence or polarization dependence in the cavity and little birefringence

induced-filtering effect is observed in our setup.

Laser Diode
980nm
WDM EDF
3m
TDF
0.7m
Isolator
10dB Coupler

3dB coupler _ — OsC

Figure 5.12: Experimental setup of the dual-wavelength Q-switched EDFL
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5.4.2 Experimental results and discussion

Q-switching operation in our fiber laser is achieved by the TDF SA. CW state of
dual-wavelength operation is obtained at a pump power above 13.8 mW, corresponding
to the laser threshold. The laser can operate on dual-wavelength Q-switching once the
pump power exceeds 25 mW. Figure 5.13 shows the output spectrum of the EDFL at
three different pump powers. The output spectrum for the CW laser without the SA at
pump power of 41 mW is also included in the figure for comparison purpose. As shown
in Figure 5.13, the EDFL operates at 1558.52 nm without the SA in the cavity. As the
SA is incorporated in the cavity, the laser starts to generate simultaneous dual-
wavelength output at shorter wavelength region when the pump power exceeds 13.8
mW. This is attributed to the absorption characteristic of the TDF, which alter the gain
spectrum shape of the EDF. It is observed that the EDF can possess two gain peaks that
the magnitude can vary with the pump power, one near 1534.8 nm and the other near
1551.64 nm, which could enable dual-wavelength Q-switching (DWQS) operation of
the laser. At the pump power of 41 mW, the two lasing peaks of the EDFL have nearly
the same magnitude, and thus a stable dual wavelength Q-switched (DWQS) operation
is achieved with the highest repetition rate and pulse energy. Stable dual-wavelength Q-

switched mode can be maintained within the pump power range of 25-41 mW.
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Figure 5.13 shows the output spectrum of the EDFL at three different pump powers.

Figure 5.14 shows the pulse traces measured by the oscilloscope at the pump
power of 41 mW as the outputs at different wavelengths are connected to the scope
consecutively. The amplitudes of the traces are normalized to clearly show. So that the
detailed characteristics of the dual-wavelength pulse trains can be compared. The pulses
at the two wavelengths have almost the same repetition rate, and, as the pump power
reduces, both repetition rates reduce. The pulse repetition rate and pulsewidth of both
Q-switching lasers are shown in Figure 5.15 at varying pump powers. Similar to many
other passively Q-switched lasers, the repetition rate is closely related to the pump
level,which means that
the higher the pump power, the higher the repetition rate is. That is because high pump
power leads to a shorter time for the inversion number of the gain medium to reach the
threshold. For 1551.64 nm laser, repetition rates from 14.7 kHz to 21.6 kHz can be

achieved, when the pump power is increased from 25 mW to 41 mW. The laser operates
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at the repetition rates of 15.8 to 22.8 kHz at the same pump power range for 1534.8 nm
laser. The slight change of the repetition rate is observed due to the refractive index of
the core, which is wavelength dependent.

The pulse width, on the other hand, reduces with the pump power. For instance,
the pulse width of the 1551.64 nm signal can be varied from 30.1 ps to 21.8 us by
increasing the pump power from 25 mW to 41 mW. As indicated in the previous work
(Song, 2012), the long pulse duration obtained is due to the long cavity lifetime related
to the long length of the cavity, which can be reduced by decreasing the cavity length
with a highly doped EDF or other more compact components. In our experiment, we
observe that the pulse durations of these two pulse trains at different center wavelengths
are somewhat different. The pulses at 1534.8 nm are typically slightly shorter than those
at 1551.64 nm. The difference is due to the different absorption and emission
parameters at the two wavelengths as the ground- and excited-state populations vary.

The radio-frequency (RF) measurement of the output intensity for both
wavelengths is also investigated at a fixed pump power of 41 mW. Figure 5.16 shows
the result, which indicates that the laser at frequencies of 21.6 kHz and 22.8 kHz for the
operating wavelength of 1551.64 nm and 1534.8 nm, respectively. The signal to noise
ratio (SNR) of the laser is obtained at around 10 and 13 dB for 1551. nm and 1534.8
nm signal, respectively. This shows that both pulse trains are stable.

The proposed dual-wavelength Q-switched EDFL based on a TDF SA could find
applications where multiple synchronized short optical pulses are needed. The proposed
laser provides the advantages of all-fiber structure, simple realization, robust and low

cost.
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Figure 5. 14: The pulse traces measured by the oscilloscope at the pump power of 41

23
22
21
20
19
18
17

Repetition rate (KHz)

16
15
14
13

mwW

] (o |
- © Repetition Rate o

] l; I M Pulse Width o 8

i (@) L
] | e L
] (o) - I
. o J O

1 e | = O F
] © m |
24- o -2.7- o -3.0- o -3.3- o -3.6- o 39 o -42

Pump power (mWw)

32

30

28

26

24

22

20

18

Pulse width (ps)

Figure 5.15: The repetition rate and pulse width of Q-switching lasers as a function of

input pump power for both EDFLs wavelengthes 1551.64 nm (hollow symbols) and

1534.8 nm (solid symbols).

121



72 A ——1551.64nm

74 —1534.8nm
-76 -

Power (dBm)
%
S

-9 +—r-—T-—Tr-—r_rrrrr—r-r-r--rr-r-r—r-—r-r-r-rr—r—i
10 15 20 25 30 35 40

Frequency (KHz)

Figure 5.16: Output RF spectrum for both wavelengthes

55  Summary
In this chapter, we have successfully demonstrated various Q-switched EDFLs

by using a short piece of TDF as a passive saturable absorber in a ring laser cavity. At
first, we have demonstrated the passive Q-switched EDFL laser operating at 1534.5 nm.
In this experiment, The EDF and TDF lengths are fixed at 3 m and 1 m, respectively.
The EDFL generates Q-switching pulse at a threshold pump power as small as 23 mW.
By increasing the pump power from the threshold power to 75 mW, the repetition rate
can be varied from 11.0 kHz to 25.9 kHz, whereas the corresponding pulse width drops
from 37.56 ps to 16.86 us. At pump power of 75 mW, the maximum pulse energy of
18.6 nJ is obtained. The second Q-switched EDFL is based on similar configuration but
uses 0.8 m long EDF as the gain medium in conjunction with 0.25 m long TDF as the
SA to reduce the pump power threshold. The performance of this laser was also
investigated with GO paper SA for comparison purpose. With TDF SA, the repetition
rate of the Q-switched EDFL increases from 4.5 to 16.7 kHz while the pulse width

reduces from 37.2 to 27.8 ps as the pump power is varied from 14.0 to 26.7 mW. In
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case of GOP, the pulse repetition rate increases from 14.3 to 31.4 kHz while the pulse
width reduces 32.8 to 13.8 us with the change of pump power from 22.0 to 50.5 mW.
The maximum pulse energy of 15.8 nJ and 16.8 nJ are obtained at pump powers of 25.4
mW and 45.5 mW for the EDFL configured with TDF and GOP, respectively. This
shows that the EDFL configured with TDF can achieve the same pulse energy at lower
pump power compared to the use of GOP. The RF spectrum shows the SNR of
approximately 20 and 12 dB with TDF and GOP, respectively, which indicates that the
pulse was more stable with the use of TDF SA. Finally, we demonstrated a dual-
wavelength Q-switched EDFL operating at 1551.64 nm and 1534.8 nm using a TDF
SA. The laser resonator uses a shorter length of TDF (0.7 m) to reduce the mode
competition and allows dual-wavelength simultaneous lasing to taking place in the
cavity. The repetition rate of 1551.64 nm laser changes from 14.7 kHz to 21.6 kHz as
the pump power is increased from 25 mW to 41 mW. The repetition rate varies from
15.8 to 22.8 kHz at the same pump power range for 1534.8 nm laser. On the other hand,
the pulse width for both lasing lines reduces with the pump power. For instance, the
pulse width of the 1551.64 nm signal can be varied from 30.1 ps to 21.8 us by
increasing the pump power from 25 mW to 41 mW. We also observe that the pulse
width at 1534.8 nm is typically slightly shorter than those at 1551.64 nm. The difference
is due to the different absorption and emission parameters at the two wavelengths as the
ground- and excited-state populations vary. The RF measurement shows that the SNR
of the laser is obtained at around 10 and 13 dB for 1551.64 nm and 1534.8 nm signal
respectively, which indicates the stability of both pulse trains. The laser has a good

potential in industrial and medical applications.
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CHAPTER 6

Conclusion and Future Works

6.1  Conclusion

This thesis presented the study of two applications of Thulium fiber as gain
medium and saturable absorber (SA). In this work, two types of Thulium fibers were
used; a commercial Thulium-doped fiber (TDF) and a newly developed Thulium-
Ytterbium co-doped fiber (TYDF). TDF laser (TDFL) operates near 2 um using the F,4
> 3Hg pump transition of thulium ions in the vicinity of 800 nm. Efficient lasing was
achieved as a result of a so-called cross-relaxation process, where two ground-level
thulium ions can be excited to the upper lasing level of the °F, > *Hg transition by
absorbing a single pumping photon with the energy corresponding to approximately 800
nm. This suggests that every excited Tm** ion located at the *H, level can produce two
Tm** ions at the upper lasing level *F,. On the other hand, the TYDF pumped by a
commercial 905—980 nm laser diode. This is due to the *Hs level of Tm3+, which is
(quasi-) resonant with the excited Yb**level (*Fs2) and thus allows the energy transfer to

create a population inversion between the *F, and *Hs energy levels of Thulium ions.

Besides amplification, the Thulium fibers can also function as a solid-state SA.
This is attributed to the energy transition *Hg - *F4 of Tm**, which has a very broad
emission and absorption band ranging from 1.6 - 2.1 pum and 1.5 - 1.9 pum respectively.
The absorption cross section of TDFs are larger than the emission cross section of
Erbium-doped fiber (EDF) at around 1.6 pm region. This suggests a possible
application of TDF as SA in a passively Q-switched Erbium-doped fiber laser (EDFL).

In this work, we also demonstrated various Q-switched EDFLs based on TDF SA.

The following are highlights of the achievements of this thesis with details to follow;
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1-New all-fiber dual-wavelength 2 um fiber lasers were succesfully demonstrated based
on three simple approaches; spatial filtering effect, inline microfiber Mach Zehnder
Interferometer and multimode interference effect.

2-Various Q-switched and mode-locked fiber lasers operating in 2 micron region were
demonstrated using either commercial Thulium-doped fiber (TDF) or a newly
developed Thulium-Ytterbium co-doped fiber (TYDF) as the gain medium. In this work
both artificial and passive saturable absorbers were used as Q-switcher or mode-locker.
3-Various Q-switched EDFLs are proposed and demonstrated by using a short piece of
TDF as a passive saturable absorber in a ring laser cavity. A dual-wavelength Q-

switched EDFL was also demonstrated using the solid state TDF as the SA.

With regards to dual-wavelength fiber lasers, three new approaches; spatial
filtering effect, inline microfiber Mach Zehnder Interferometer (MMZI) and multimode
interference (Snitzer et al.) effect were proposed and demonstrated in Chapter 3. At
first, we developed a room-temperature all-fiber dual-wavelength TDFL operating near
1900 nm, which uses a simpler approach based on a spatial mode-beating filter
generated due to mismatch at the splicing points of a TDF. By pumping the gain
medium with an 800 nm laser and controlling the phase mismatch at the splicing points
of a thulium-doped fiber, the two output lines are obtained at 1844.8 and 1852.0 nm,
with the corresponding signal-to-noise ratios of 30 and 21 dB. The threshold pump
power is 109.3 mW. At the maximum pump power of 131.7 mW, the output powers are
0.297 and 0.038 mW for the 1844.8 and 1852.0 nm laser lines, respectively.

The second approach used an inline MMZI in the laser cavity to act as a comb
filter to realize a room temperature all-fiber dual-wavelength fiber laser operating in
1955 nm region. The proposed laser used a cascaded commercial TDF and homemade

double-clad Thulium-Ytterbium co-doped fiber (TYDF), which was forward pumped by
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a single-mode 800 nm and a multimode 905 nm pumps respectively as a gain medium.
The inline MMZI filter was fabricated using a flame brushing technique to realize two
transmission peaks at 1952.93 and 1956.68 nm with the extinction ratio of more than 10
dB based on modal interference. By pumping the TDF and TYDF with a fixed 800 nm
and 905 nm pumps at 110 mW and 2.0 W, respectively, dual-wavelength output lines
were succesfully obtained at these two wavelengths with a signal to noise ratio of more
than 35 dB. The dual-wavelength operation was stable for more than two hours and
could be tunable since the laser wavelength is only determined by the function of the

MMZI filter.

An all-fiber dual-wavelength fiber laser operating at room temperature in 1950
nm region was also reported using MMI filter in a ring configuration. It uses a
commercial TDF and homemade double-clad TYDF as gain media. The MMI filter
consists of a 13.5 cm long multimode fiber (MMF) axially spliced at both its ends to
identical single mode fibers to realize two transmission peaks at 1939.68 and 1959.60
nm with the maximum extinction ratio based on modal interference. By pumping the
TDF and TYDF with a fixed 800 nm and 905 nm pumps at 143 mW and 1.5 W,
respectively, dual-wavelength output lines were obtained at these two wavelengths with
a signal to noise ratio of more than 27 dB, respectively. The laser was stable for more
than two hours and the dual wavelength operation could be tuned by adjusting the
parameters of the MMI filter. The proposed dual-wavelength fiber lasers have potential
applications in microwave photonics, fiber sensing systems, optical instrument testing,

and optical signal processing

In chapter 4, a 2 micron pulsed laser has been succesfully demonstrated using
either commercial TDF or a newly developed TYDF as the gain medium. At first, a Q-
switched fiber laser operating at 1949.0 nm is demonstrated based on nonlinear

polarization rotation (NPR) technique. NPR was widely used especially in Erbium-

126



doped fiber laser (EDFL) setups to initiate and shape the pulses especially for mode-
locking. In fact, the NPR technique can produce the intensity-dependent transmission by
self-phase modulation mechanism to provide an artificial SA effect in a fiber ring laser.
In our work, we use a 2 m long a commercial TDF and a 15 m long homemade TYDF
which is pumped by a single-mode 800 nm and a multimode 905 nm, respectively as the
active media. The combination of these gain media and multimode combiner functions
as an artificial saturable absorber (SA) which enables the intensity-dependent
transmission inside the cavity for the Q-switching. Stable Q-switched pulse train with a
repetition rate of 13.49 kHz and pulse width of 3.089 pus is obtained when the 905 nm
multimode pump power and 800 nm pump power are fixed at 2.3 W and 110.4 mW,
respectively. The maximum pulse energy of 11 nJ is obtained at 800 nm single mode
and 905 nm multimode pump powers of 110.4 mW and 2.5 W, respectively. An all-
fiber mode-locked TYDFL operating at 1953.5 nm is also demonstrated using the NPR
technique. The mode-locked pulse is self-started at threshold 905 nm pump power of
2.7 W. The pulse has repetition rate of 33.1 MHz, the calculated pulse width of 10 ps

and pulse energy of 46.9 nJ at 2.7 W pump power.

We have also demonstrated a simple, compact and low cost Q-switched fiber
lasers based on TDF to operate at 1846.4 nm by exploiting a multi-walled carbon
nanotubes (MWCNTS) polymer composite film based SA. The composite is prepared by
mixing the MWCNTSs homogeneous solution into a dilute polyvinyl alcohol polymer
solution before it is left to dry at room temperature to produce thin film. Then the film is
sandwiched between two FC/PC fiber connectors and integrated into the laser cavity for
Q-switching pulse generation. The TDFL generates a stable pulse train with 10.38 kHz
repetition rate, 17.52 ps pulse width and 11.34 nJ pulse energy at 121.1 mW 800 nm
pump power. A passively mode-locked fiber laser is also demonstrated using a

MWCNTs-PVA film based SA. The laser is designed to operate at 1951.8 nm by using
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a cascaded gain media of TDF and TYDF. Stable mode-locking pulse with a repetition
rate of 34.6 MHz and pulse width of 10.79 ps is obtained when the 905 nm multimode
pump power reaches 1.8 — 2.2 W while the single-mode 800 nm pump power is fixed at
141.5 mW. Beside showing good Q-switching and mode-locking performances, the
MWCNTSs SA is also easy to fabricate and low cost. A higher performance Q switching
and mode-locking are expected to be achieved with the optimization of the MWCNTSs

SA and laser cavity.

A mode-locked TYDFL is proposed and demonstrated in Chapter 4 by using a
commercial graphene oxide (GO) paper as SA. The GO paper is sandwiched between
two fiber ferrules and incorporates a ring laser cavity to generate soliton pulse train
operating at 1942.0 nm at a threshold multimode pump power as low as 1.8W. The
mode-locked TYDFL has a repetition rate of 22.32 MHz and the calculated pulse width
of 1.1 ns. Even though the SA has a low damage threshold, the easy fabrication of GO
paper should promote its potential application in ultrafast photonics in 2 micron region.
Besides carbon nanotubes and graphene, solid-state fibers can also be used as a
SA. The advantages of this fiber SA are their ability to hold enormous gain excited in
the gain fiber from lasing and their high damage threshold for high-power Q-switched
pulses. The energy transition ®Hg - °F4 of Tm*®" has a very broad absorption band
ranging from 1.5 to 1.9 um. The absorption cross section of TDFs are larger than the
emission cross sections of Erbium-doped fiber (EDF) at 1.6 um region, suggesting a
possible realization of a passively Q-switched EDFL using a TDF as a passive SA. In
Chapter 5, we have demonstrated various Q-switched EDFLs by using a short length of
TDF as a SA in a ring laser cavity. At first, a Q-switched EDFL operating at 1534.5 nm
is proposed and demonstrated using a TDF SA. In this experiment, The EDF and TDF
lengths are fixed at 3 m and 1 m, respectively. With the SA, the laser produces a stable

pulse train with a repetition rate and pulse width ranging from 11.0 to 25.9 kHz and
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37.56 to 16.86 us while varying the 980 nm pump power from 23 mW to 75 mW. The

Q-switched also produces the highest pulse energy of 18.6 nJ at pump power of 75 mW.

The second Q-switched EDFL is based on similar configuration but uses 0.8 m
long EDF as the gain medium in conjunction with 0.25 m long TDF as the SA to reduce
the pump power threshold. The performance of this laser was also investigated with GO
paper SA for comparison purpose. With TDF SA, the repetition rate of the Q-switched
EDFL increases from 4.5 to 16.7 kHz while the pulse width reduces from 37.2 to 27.8
ps as the pump power is varied from 14.0 to 26.7 mW. In case of GOP, the pulse
repetition rate increases from 14.3 to 31.4 kHz while the pulse width reduces 32.8 to
13.8 ps with the change of pump power from 22.0 to 50.5 mW. The maximum pulse
energy of 15.8 nJ and 16.8 nJ are obtained at pump powers of 25.4 mW and 45.5 mW
for the EDFL configured with TDF and GOP, respectively. This shows that the EDFL
configured with TDF can achieve the same pulse energy at lower pump power
compared to the use of GOP. The RF spectrum shows the SNR of approximately 20
and 12 dB with TDF and GOP, respectively, which indicates that the pulse was more

stable with the use of TDF SA.

Finally, we demonstrated a dual-wavelength Q-switched EDFL operating at
1551.64 nm and 1534.8 nm using a TDF SA. The laser resonator uses a shorter length
of TDF (0.7 m) to reduce the mode competition and allows dual-wavelength
simultaneous lasing to taking place in the cavity. The repetition rate of 1551.64 nm laser
changes from 14.7 kHz to 21.6 kHz as the pump power is increased from 25 mW to 41
mW. The repetition rate varies from 15.8 to 22.8 kHz at the same pump power range
for 1534.8 nm laser. On the other hand, the pulse width for both lasing lines reduces
with the pump power. For instance, the pulse width of the 1551.64 nm signal can be
varied from 30.1 us to 21.8 us by increasing the pump power from 25 mW to 41 mW.

We also observe that the pulse width at 1534.8 nm is typically slightly shorter than
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those at 1551.64 nm. The difference is due to the different absorption and emission
parameters at the two wavelengths as the ground- and excited-state populations vary.
The RF measurement shows that the SNR of the laser is obtained at around 10 and 13
dB for 1551.64 nm and 1534.8 nm signal respectively, which indicates the stability of

both pulse trains.

Finally, we demonstrate a dual-wavelength, all-fiber, passively Q-switched
EDFL based on a TDF SA. Generation of the dual-wavelength output is based on the
spectral gain profile of the EDF, which produces two peaks with incorporation of TDF.
Our experimental results show that the fiber laser can simultaneously generate Q-
switched microsecond pulses at 1534.8 nm and 1551.6 nm. The repetition rate of
1551.64 nm laser changes from 14.7 kHz to 21.6 kHz as the pump power is increased
from 25 mW to 41 mW. The repetition rate varies from 15.8 to 22.8 kHz at the same
pump power range for 1534.8 nm laser. On the other hand, the pulse width for both
lasing lines reduces with the pump power. The pulse width of 20.2 ps and 21.8 ps are
achieved for 1534.8 nm and 1551.6 nm lasers, respectively at pump power of 41 mW.
We also observe that the pulse width at 1534.8 nm is typically slightly shorter than
those at 1551.64 nm. The difference is due to the different absorption and emission
parameters at the two wavelengths as the ground- and excited-state populations vary.
The RF measurement shows that the SNR of the laser is obtained at around 10 and 13
dB for 1551.64 nm and 1534.8 nm signal respectively, which indicates the stability of

both pulse trains.

The final conclusion is that both TDF and TYDF can be effectively used as the
gain medium for 2 micron fiber lasers while the TDF was successfully demonstrated as
a Q-switcher in EDFL system. Dual wavelength fiber lasers operating in 2 micron
region have been demonstrated using various interferometer filters. 2 micron Q-

switched and mode-locked fiber lasers have also been demonstrated using passive
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technique such as NPR, MWCNTs and GO paper SAs. All proposed fiber laser schemes
are quite simple to implement at a low cost. The proposed fiber lasers have a good

potential in industrial and medical applications.

6.2  Future research
The research work in this thesis has shown some exciting results and drawn
several important conclusions on the use of Thulium fibers as gain medium and SA. It

also reveals several challenges. This section discusses some suggestions for future

work.

1. A more comprehensive theoretical model needs to be developed to include the
influences of up conversion and reverse cross relaxation energy transfer.

2. The concentration quenching of *F, states needs to be investigated and avoided

in the fabrication process. This allows the development of a high concentration
Thulium fibers, which is essential in a development of a compact lasers such as
distributed feedback fiber lasers.

3. Most of application of 2 micron fiber laser is in the high power region, working
under either CW or pulsed condition. Research focuses needs to be shifted onto

fabrication of efficient high power TDFL and TYDFL.
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