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Abstract

Lasers have been widely used in various fields since the invention of first
laser in 1960. Generation of ultra-short optical pulses attracts not only scientists in
fundamental researches but also engineers in various applications. Fiber lasers are
very promising since they are constructed by inexpensive components (mostly
various fibers), highly integrated with flexibly miniaturized cavities, and
conveniently collimated output. Recently, mode-locking becomes a routine
technique to generate ultra-short optical pulse with pulse width around or below ps.
Nowadays, mode-locked laser is considered as the corner stone of ultra-fast optics.
More and more researchers around the world are researching on this field.

This thesis first documents the investigation and construction of a passively
mode-locked fiber laser based on carbon nanotubes. Passive mode-locking can
generate ultra-short optical pulses with fs~ps pulse width. In addition, multiple
solitons can be generated in order to increase the repetition rate of pulse trains when
a passively mode-locked fiber laser operates under strong pumping. Then |
demonstrate the achievement of wavelength-switchable passively harmonic mode-
locked fiber laser with low pumping threshold.

To scale up pulse energies extracted directly from fiber oscillators, lasers
operating in large normal dispersion regime are preferred. This type of lasers
generates typical pulses with large normal chirp and steep spectral edges that are
also called dissipative solitons (DSs). It is well known that pulses can be effectively
enhanced in energy by lengthening cavity length together with increasing net cavity

group velocity dispersion (GVD). Therefore in the middle part of the thesis, 1 will
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propose an all-fiber-integrated erbium-doped dissipative solitons laser with large
normal dispersion, which is mode-locked by nonlinear polarization rotation. The
pulse energy enhancements are also demonstrated.

Recently ultrafast light sources at 2 um wavelength region have been widely
investigated in recent years due to their eye-safe property, as well as their various
scientific applications in the fields of mid-infrared spectrum generation, remote
sensing, nonlinear microscopy, medical treatment and free-space communication. In
the last part of the thesis, | experimentally demonstrate switchable dual-wavelength
mode-locking of thulium-doped fiber laser (TDFL), using single-wall carbon
nanotubes as saturable absorber. Due to the cavity birefringence-induced comb
filter, switchable mode-locking can be individually realized for the proposed TDFL
among three wavelengths. Furthermore, after finely adjusting the intra-cavity

birefringence, | am able to demonstrate switchable dual-wavelength mode-locking.
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Chapter 1 Introduction

1.1 Background and Motivation

Ultrafast optics is a rapidly growing field. Generation of ultra-short optical
pulses attracts not only scientists in fundamental researches but also engineers in
various applications. Ultrashort pulses with high intensity make themselves suitable
for widespread use in communication, sensing, machining, or medical applications
and so on. Various nonlinearities caused by the high pulse intensity also make
ultrafast optics an important tool for many branches of science. To date, generation
of femtosecond optical pulses is a routine process in two major lasers: bulk solid-
state lasers and fiber lasers [1].

A fiber laser is a kind of laser in which the active gain medium is an optical
fiber doped with rare-earth ions such as erbium, ytterbium, neodymium, dysprosium,
praseodymium, and thulium. They are normally used as doped fiber amplifiers
which provide light amplification without lasing. Nowadays, fiber lasers are widely
used and researched. Comparing with solid state lasers, they have the advantage of
compact, low power consumption and easy maintenance. The fiber laser is
becoming an alternative to classic solid state laser [2].

Mode-locking is a mechanism to lock the phase between adjacent
longitudinal modes of the laser cavity. Through the locking of such phases, a
periodic variation in the laser output will occur. This kind of variation is stable over

time. It has a periodicity which is given by the round trip time of the cavity. When
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sufficient longitudinal modes are locked together with no phase difference, it can
generate a short pulse with significant high peak power and ultra-narrow pulse
width [3, 4].

Recently, mode-locking becomes a routine technique to generate ultra-short
optical pulse with pulse width around or below ps [5-11]. During the last twenty
years, ultra-fast optics has been researched widely. Nowadays researchers have
found numerous applications for short pulsed laser systems in areas of fundamental
research such as medical and industrial applications. For example, ultra-fast laser
systems are used for optical frequency metrology, terahertz generation, two photon
spectroscopy and microscopy, and optical coherence tomography [12-18]. In
addition, short pulsed laser systems are also used in eye laser surgery, dentist drills
and other applications [19-20].In the industry, ultra-fast lasers are used for micro-
machining and marking [21]. Nowadays, mode-locked laser is considered as the
corner stone of ultra-fast optics. More and more researchers around the world are
researching on this field. Generally there are two types of mode-locking which are
active mode-locking and passive mode-locking. Normally, in optical
communication, active mode-locking is widely used as it can generate optical pulse
train with high repetition rate [22].Although passive mode-locking cannot achieve
repetition rate as high as active mode-locking, it can generates pulses with shorter
pulse width and higher peak power. The generation of solitons in passive mode-

locked fiber laser is especially preferred in the field of optical communication.
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1.2 Objectives

The initial idea of this work was to design and construct a passive mode
locked fiber laser at different wavelength. The aims of my PhD are to learn
operation theory of passive mode-locking, then explore the application of passive
mode locking at multi-wavelength.

The objectives of this thesis are to design a passive mode locked fiber laser
based on saturable absorber and to demonstrate generation of soltions, passive
harmonically mode locking, pulse enhancement as well as switchable dual-

wavelength mode-locking.

1.3 Thesis Organization

This thesis is organized in the following order:

e Chapter 1: Introduction
This chapter gives a brief introduction to fiber technology and mode-
locking technique.

e Chapter 2: Literature Review
This chapter provides the fundamental knowledge of laser and passively
mode-locked fiber laser.

e Chapter 3: Wavelength-Switchable Passively Harmonically Mode-Locked
Fiber Laser
This chapter demonstrates the achievement of wavelength-switchable
passively harmonic mode-locked fiber laser with low pumping threshold.

e Chapter 4: Pulse Energy Enhancement In An All-Fiber Dissipative Soliton
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Laser

This chapter demonstrates pulse energy enhancements in all-fiber-
integrated erbium-doped dissipative solitons laser with large normal
dispersion, which is mode-locked by nonlinear polarization rotation.
Chapter 5: Switchable Dual-Wavelength Mode-Locking Of Thulium-Doped
Fiber Laser Based On Swcnts

This chapter demonstrates switchable dual-wavelength mode-locking of
thulium-doped fiber laser (TDFL), using single-wall carbon nanotubes as
saturable absorber.

Chapter 6: Conclusions

This chapter gives an overall summary of all the achievements got in this

PhD study.
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Chapter 2 Fundamentals of Mode-
locking

2.1 Introduction

“Laser” refers to Light Amplification by the Stimulated Emission of
Radiation. The concept of stimulated emission was introduced by Einstein in 1916.
However the first laser was demonstrated as a solid-state laser 40 years later by
Theodore Maiman. A laser differs from other sources of light in that it emits light
coherently

The frequency locking of three modes which did by Lamb become the trace
of invention of Mode-locked laser [23].DiDomenico theoretically predicted mode-
locking [24] and Hargrove et al demonstrated the first mode-locked laser [25] in
1964. Through internal modulating a laser with acousto-optic modulator,
stabilization of amplitude and frequency of the modes in a He-Ne laser was
achieved. The laser generate pulses with 56 MHz repetition rate and 2.5 ns pulse

width was observed.

In 1965, the first passively mode-locked laser was achieved in a Q-switched
laser. Mocker and Collins found that the Q-switched pulse could split into mode-
locked pulses in a ruby laser with unstable mode-locking condition. In 1972, Ippen,
Shank and Dienes demonstrated the first stable passively mode-locked laser with

1.5ps stable pulse train in a dye laser.
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In 1963, Koester and Snitzer demonstrated the first fiber laser [26]. The gain
medium is Nd-doped glass fiber. It outputs at 1061nm. After more than 20 years,
the first mode-locked fiber laser was demonstrated in 1984.0ne year later,
Mollenauer and Stolen reported the first soliton laser [27]. Later, researchers started
intensive research on passively mode-locked fiber laser. Recently, different
application areas of passively mode-locked fiber laser have been developed.
Different kinds of cavity design realize mode-locked pulses with ultra-low jitter,
ultra-short pulse width, high pulse energy in passively mode-locked fiber lasers [28-

30].

2.2 Laser Principle

A typical laser contains two important parts: the active medium and optical

resonator are shown below:

Fully Reflecting
Mirmor J

Power
Source

Figure 2-1: Schematic of a laser, L is the cavity length

The active medium provides optical amplification through the process of stimulated

emission. When the active medium is pumped by outside power source, some
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external photons stimulate the electrons to excite to higher energy level. Figure 2-2

shows the stimulate emission:

Before During After
emission emission emission

Ercited lvel — @ £y — 0 —

I hy
hy hy AN\
Incidgnt photon AE AR
Ground level E, —O— —e—
Atom in Atom in
excited state ground state

EQ—EleE:hV

Figure 2-2: Schematic of stimulated emission [49]

The emitted photon has the energy E  [69]:
E,=hv=AE Equation 2-1

h is the Plank constant, v is the frequency of the photon. AE is the energy gap
between the two energy levels. The emitted photon in stimulated emission has the
same phase, wavelength and direction with the incident photon, thus forms optical

amplification.

Other than active medium, the optical resonator is essential to provide
positive feedback. Normally, the simplest optical resonator contains two reflecting

mirrors facing each other which can be seen in figure 2-1. Standing waves are
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formed when light bouncing between the mirrors of the cavity. Those generated
standing waves will form a discrete set of frequencies which can be seen in figure
2-3. They are called longitudinal modes of the cavity. These modes oscillate in the
resonant cavity and have the property of self-regenerating. Destructive interference

will suppress other modes.

AT

" f

Figure 2-3: Cavity longitude mode structure

In the FP cavity, only frequencies satisfying:

2BL = 2mm Equation 2-2

can exist in the cavity.

Where B is the propagation constant and f=2zn/A, n is refractive index of the active

region, L is the cavity length, m is positive integer.

2.3 Principle of Mode-Locking

Mode-locking is a technique to generate extreme short pulse. The generated

pulses are normally in the order of picoseconds (107%s) or femtoseconds (10%%s).
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The basic principle of mode-locking is to lock the phase between adjacent modes in

laser cavity. Through this process, the laser is said to be mode-locked.

Every longitudinal mode operates over a certain bandwidth or range of
frequencies. The condition of cavity determines this bandwidth. Normally, this
bandwidth is much smaller comparing with the frequency of two adjacent longitude

modes. We can treat them as ideal plane wave which was described in equation 2-3:
E;(t) = E; expli(w;t + ¢;)] Equation 2-3

E, is the amplitude of electrical field, ; is the frequency, ¢, is the phase of the i

longitude mode, respectively. Under normal condition, the phases of longitude
modes are randomly arranged although the frequencies are fixed according to the

optical resonator.

In ideal condition, all longitude modes should have same amplitude E,, so

the output power of laser is equal to:

2

1(t) = [Et)[] = EZ Equation 2-4

h_ljexp(ia)jt) exp(ig;)

We can see form the above equation, the output power is not fixed due to the
change of phase of longitude modes. Once the phase of different longitude modes

becomes the same, the above equation becomes to:
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2

1(t) =|E(t)|" = E2

fexp(iwjt)exp(ig/)j)

2

= EZlexp(ig)[

N-1
D exp(io;t)
=0

2

=E.

N-1
Y exp(ioyt)
j=0

_ g2 sin?(NAwt/2)

" sin*(Awt/2) Equation 2-5

In this equation, Aw =27Af is the frequency difference between two adjacent
longitude modes, N is the number of the longitude modes. Under this condition,
the laser generates optical pulse trains with repetition rate equals to Af , and the

pulse period T =1/Av, where Av is the full width of the gain band.

The method which locks the phase of the longitude modes in a laser is called
mode-locking. It can be seen from the above equation, the laser generates short
optical pulse train with fixed period. The more the longitudes number, the higher

the pulse peak power and the narrower the pulse width.

In a real laser, the amplitudes of different longitude modes are not equal.
The amplitude is dominant by the gain profile of the gain medium, as shown in

Figure 2.4:

Intensity

it ‘ ‘ e

Frequency

Figure 2-4: Gain profile of active medium

10
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If we treat the gain profile as a Gaussian function, the equation of output power

become:

2

1t =EQ) =

N-1 .
D E; exp(io;t)
=0

1 exp[-In Z(i_tt)z]

Equation 2-6

The full width of the half maximum (FWHM) of the pulse isAt = 2In2 = 0'441.

AV AV

The time-bandwidth (TB) product AtAv =0.441 when the phase of each longitude
mode is perfectly matched. The time bandwidth product is an important property
which was normally used to examine the pulse quality of a mode-locked laser. If a
pulse was named “transform limited”, that means the phase of different longitude
modes are perfectly matched which leads to a TB product equal to 0.441(Gaussian

Approximation) or 0.315(secant hyperbolic approximation)

2.4 Active mode-locking and Passive mode-locking

In general, there are two main types of mode-locking mechanisms: active
mode-locking and passively mode-locking. In active mode-locking, a modulator
modulated by an external signal source shall be applied. The modulator can be
either amplitude modulator (AM) or phase modulator (FM). When the modulation

frequency is the integral times of the laser cavity frequency, the laser can be mode-

11
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locked and output pulse train synchronized to the external modulation signal. By
using harmonic active mode-locking, the repetition rate can be over 1000 times of
the fundamental laser frequency and as high as tens of GHz. A bandpass filter (BPF)
is always required to stabilize the output. Actively mode-locked lasers can be
excellent pulse source for optical communication systems. Figure 2-5 shows a

typical actively mode-locked fiber laser

Optical
amplifier

Spectral Qutput
filter A\ coupler

Modulator

Signal
generator

Figure 2-5: Schematic setup of active mode-locked laser

In the passively mode-locked laser, a saturable absorber must be inserted in the
laser cavity to start the mode-locking, as shown in Figure 2-6. The saturable
absorber is an optical device that exhibits an intensity-dependent transmission. The
device behaves differently depending on the intensity of the light passing through it.
For passive mode-locking, ideally a saturable absorber will selectively absorb low-
intensity light, and transmit light which is of sufficiently high intensity, as shown in
Figure 2-7. Such mechanism provides the so called “positive feedback” to the laser

cavity which induces higher transmission to light with higher intensity.

12
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M1 Gain Medium SA M2

Laser
Output

Pump

Figure 2-6: Schematic setup of passive mode-locked laser M1: Mirror 1; M2: Partial
transmission mirror; SA: saturable absorber,

Saturable absorber

\ / Loss

Pulse
Intensity

v

Time

Figure 2-7: The function of saturable absorber

When placed in a laser cavity, a saturable absorber will attenuate low-
intensity constant wave light (pulse wings). Because of the random intensity
fluctuations experienced by an un-modelocked laser, any random, intense spike will
be transmitted preferentially by the saturable absorber. As the light in the cavity
oscillates, this process repeats, leading to the selective amplification of the high-

intensity spikes, and the absorption of the low-intensity light. After many round

13
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trips, this effect builds up a train of pulses and starts the mode-locking of the laser.
The passive mode-locking can also be understood from the frequency
domain. The saturable absorber modulates the light in each roundtrip of the laser
cavity with a period of roundtrip time. The modulation frequency equals to the
fundamental frequency of the laser thus generate mode-locked pulse train with
fundamental repetition rate. Mode-locking based on saturable absorption has the
advantage of self-starting and self-sustaining for properly designed laser cavities

without any external signal reference.

2.5 Saturable absorber

Saturable absorber is an optical component which reduces losses at high
intensity. There are different types of saturable absorbers such as semiconductor
saturable absorber mirrors (also called SESAMSs), nonlinear polarization rotation
(NPR) and nonlinear loop mirrors (NOLMSs). Currently, carbon nanotubes are used

as saturable absorber.

Semiconductor saturable absorber mirror (SESAM)

A SESAM always consists of a Bragg-mirror on a semiconductor wafer like
GaAs, in-corporating materials with an intensity dependent absorption. The
saturable absorber layer consists of a semiconductor material with a direct band gap
slightly lower than the photon energy. Often GaAs/AlAs is used for the Bragg
mir—ors and InGaAs Quantum Wells for the saturable absorber material. During

the absorption electron-hole pairs are created in the film. As the number of photons

14
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increases, more electrons are excited, but as only a finite number of electron-hole
pairs can be created, the absorption saturates. The electron-hole pairs recombined

non-radiatively, and are after a certain period of time again ready to absorb photons.

Pump
WDM Gain fiber ocC

7@4

Mirror Output SESAM

Figure 2-8 Schematic of a SESAM based passively mode-locked fiber laser
with a linear cavity. OC: Optical coupler; WDM: Wavelength division multiplexing
coupler.

The recovery time should ideally be as small as possible. Recovery times of
same orders of magnitude as the pulse duration will cause asymmetric spectra if the
pulse is chirped at the impact with the SESAM, and hence strongly affect the pulse
dynamics inside the cavity [67]. Larger recovery times can limit the obtainable
pulse with from the laser. Because the relaxation time due to the spontaneous
photon emission in a semiconductor is about 1 ns, some precautions have to be
taken to shorten it drastically. Two technologies are used to introduce lattice defects
in the absorber layer for fast non-radiative relaxation of the carriers: low-
temperature molecular beam epitaxy (LT-MBE) and ion implantation. The
relaxation time can be adjusted by adjusting the growth temperature in case of LT-
MBE and the ion dose in case of ion implantation. SESAMs have been known to
exhibit a bi-temporal recovery time with the shortest time in the ps or sub-ps range.
A bi-temporal recovery time is ideal for mode-locked lasers, because the short

recovery time enables short pulses and the longer recovery time is needed to initiate

15
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mode-locking. Figure 2-8 gives a typical SESAM based passively mode-locked

fiber laser with a linear laser cavity.

Nonlinear Polarization Rotation (NPR)

One widely used saturable absorber is to use NPR technique by inserting a
polarizer into the laser cavity. By correct controlling the polarization state in a fiber
with polarization controllers (PCs), the polarizer can provide intensity dependent
loss. An optical pulse pass through a polarizer shall be linear polarized at any point
in time domain. After one roundtrip in the laser cavity, the fiber nonlinearity will
induce NPR effect and the polarization state of the pulse becomes intensity
dependent. The polarization state is un-uniformly distributed along the pulse in time
domain. By proper setting the PCs in the laser cavity, the pulse peak can achieve
highest transmission and the pulse wings which have lower intensity will be
suppressed. Therefore, an artificial saturable absorber is formed. Since the saturable
absorption effect comes from the Kerr nonlinear effect, the NPR has ultra-fast
response time, thus it can always be treated as a device responses instantaneously to

the pulse intensity and results in additive pulse limiting (APL) mode-locking [68].

Carbon nanotube

Nowadays, carbon nanotubes especially for single-walled are widely used as
saturable absorber. This kind of saturable absorber has some advantages such as
ultrafast recovery time, polarization insensitivity, a theoretically high optical
damage threshold, mechanical and environmental robustness, chemical stability,

and the ability to operate in transmission, reflection, and bidirectional modes. Most

16
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single-walled nanotubes (SWNTSs) have a diameter of close to 1 nanometer, and can
be many millions of times longer. The structure of a SWNT can be conceptualized
by wrapping a one-atom-thick layer of graphite called graphene into a seamless
cylinder. The way the graphene sheet is wrapped is represented by a pair of indices
(n,m). The integers n and m denote the number of unit vectors along two directions
in the honeycomb crystal lattice of graphene. If m = 0, the nanotubes are called
zigzag nanotubes, and if n = m, the nanotubes are called armchair nanotubes.
Otherwise, they are called chiral. In particular, their band gap can vary from zero to
about 2 eV and their electrical conductivity can show metallic or semiconducting
behavior. Single-walled nanotubes are likely candidates for miniaturizing

electronics

2.6 Soliton

Soliton is a special kind of wave that does not change during propagation.
Generally, there are two types of solitons: spatial solitons and temporal solitons. In
optics, when refer to solitons it often means temporal soliton. The discovery of
solitons can be traced back to 1834 when John Scott Russell describe his wave of
translation .In 1989, Drazin and Johnson describe three prosperities of solitons
which can be used to define soliton .First of all, and they should have permanent
forms. Second, they must localize within a region. Third, they remain unaffected
even collision with each other except for a phase shift. Solitons nowadays are
widely used in the application of telecommunications which can propagate without
degrading the signal to noise ratio between long distances. In optics, solitons are

generated due to the balance between the nonlinearity and dispersion in medium.
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Chapter 3 WAVELENGTH-
SWITCHABLE PASSIVELY
HARMONICALLY MODE-
L OCKED FIBER LASER

3.1 Introduction

Generation of ultrashort optical pulses with high repetition rate is a rapidly
evolving field including much scientific research and various applications, such as
optical frequency metrology, high-speed optical sampling, and laser ranging. The
rare-earth-doped fiber lasers with the passive mode-locking (PML) technique are
promising systems for fulfilling the requirements due to the inherent properties of
fibers including a large spectral gain bandwidth, compact size, and easy
maintenance. Through harmonic PML techniques [50]-[54], the repetition rate of
the pulsed laser can be significantly increased with respect to its cavity fundamental
repetition rate.
Various PML techniques, such as nonlinear loop mirror (NOLM) [50], nonlinear
polarization rotation (NPR) [54], and semiconductor saturable absorber mirrors
(SESAMSs) [55], have been successfully demonstrated. However, fiber lasers mode-
locked with NPR and NOLM will generally not be environmentally stable.
Although SESAMs become a popular choice as a mode-locker, it tends to be
damaged, perhaps due to the large modulation depth [56]. Recently, a carbon-

nanotube-based saturable absorber (CNT-SA) exhibited unique properties of fast
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saturable absorption and wideband wavelength range [56]-[58]. While SESAMs
have to be fabricated using sophisticated epitaxial technology, CNT-SAs can be
manufactured with relatively simple technology and at low cost. On the other hand,
when a fiber laser operates in the anomalous cavity dispersion regime, generally
after mode-locking is achieved, soliton shaping of the mode-locked pulses
automatically occurs as a result of natural balance between the anomalous cavity
dispersion and the fiber nonlinear Kerr effect. Under such a condition, it is possible
to generate several pulses per cavity round-trip with a watt-level pumping source.
Recently, a soliton erbium-doped fiber laser (EDFL) operating at the 322nd
harmonic of the fundamental cavity frequency has been demonstrated with a
pumping power above 2 W using NPR techniques [54]. Besides the repetition rate,
it is crucial to obtain high supermode suppression (SMS) together with a low timing
jitter. The 31st harmonic PML in an Yb-doped soliton fiber laser has been reported

with an SMS of 45 dB and a root-mean-square (rms) timing jitter of 6 ps [59].

3.2 Experimental Setup

The SWCNT-based passive mode-locked fiber laser is schematically shown
in Figure 3-1. It consists of a self-made fiber-connector-type SWCNT saturable
absorber, a polarization controller (PC), an Er-doped fiber (EDF), a 980/1550 nm
wavelength-division-multiplexer (WDM), and a fused fiber coupler with 10%
output. The polarization-insensitive isolator provides unidirectional operation, while
the polarization state of laser in the cavity can be controlled by adjusting the PC. A
980-nm laser diode (LD) is used to provide the pumping power up to 100 mW. An

optical spectrum analyzer (OSA) with a resolution of 0.0lnm, a 50-GHz
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oscilloscope, and a 40 GHz electrical spectrum analyzer (ESA) together with a 40-
GHz photo detector are used to monitor the laser output. The SWCNT-polyvinyl
alcohol (PVA) is plated on the surface of a fiber-connector [60] and operated in
transmission-mode to mode-lock a ring-cavity laser. The highly-concentrated EDF
(OFS-EDF150) has a length of 1.8m with normal dispersion of -50 ps/nm/km. The
other fibers in cavity are 1m dispersion shifted fiber (DSF) with a dispersion of 0.7
ps/nm/km and 11.2m standard single-mode fiber (SMF) with a dispersion of 17
ps/nm/km, respectively. The total length of cavity is 14 m and the net cavity

dispersion is anomalous.

Isolator @
> 4] EDF

Isolator

980/1550

980 nm
LD

Polarizatio(n:e

Controller

10/90 Coupler

<2

3dB
Coupler ¥

Oscilloscope

Figure 3-1: Experimental setup of SWCNT-based passively mode-locked fiber
laser



1 NANYANG

==, | TECHNOLOGICAL

UNIVERSITY

3.3 Experiment Results and Discussions

With appropriate settings of the PC, self-started fundamental mode locking at
1554 nm is easily achieved when the pump power is only 12 mW. It is observed
that there is a continuous wave (CW) component emitted at 1530nm. After pump
power is increased to 60 mw, PML operating at 13th harmonic is achieved by
monitoring the temporal waveforms. However the CW component, which is
experimentally verified with a measured 3 dB spectral width AL less than 0.04 nm,

still appears, as shown in figure 3-2(a).
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Figure 3-2: Optical spectrum of fiber laser.

When the laser operates at 1554 nm, there always exists a CW component at
1530 nm. The existence of an artificial comb filter from the birefringence of the
cavity, together with the gain profile of erbium-doped fiber (EDF), results in a dual-
wavelength lasing. However, one lasing operated under CW state due to
insufficient pumping power and imperfect polarization state. When the pumping

power is experimentally setted to its maximum output (60 mW), an unstable dual-
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wavelength passive mode-locking can be observed. In order to achieve a stable
fundamental or harmonic passive mode-locking at 1554 nm, | intentionally suppress

the 1530 nm lasing to the CW state by adjusting the PC.

Then | reduce the pump power to obtain the fundamental mode-locking at
1554 nm again. Initially, | intend to remove the CW component by varying the PC.
However, it is experimentally observed that the wavelength of PML is successfully
shifted to 1530nm and less residual component appears at 1554 nm. By increasing
the pump power to 60 mW again, PML operation at 23" harmonic is observed at
1530 nm, as shown in figure 3-2(b). It is experimentally found that the proposed
fiber laser always started mode-locking at the same pump power level, and
immediately after the fundamental mode-locking multiple solitons are formed in the
cavity. If the laser cavity has generated solitons already, after increasing the pump

power and adjusting PC, new solitons are observed one by one in the cavity.
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Figure 3-3 Temporal waveforms of fiber laser. (a) Fundamental PML at 1554nm, (b)
Harmonic FML at 1554nm, (c¢) Fundamental PML at 1530nm, (d) Harmonic FML
at 1530nm

Figure 3-3 (a) shows the temporal waveform of fundamental PML at 1554
nm, when pump power is 12 mw. The repetition rate of pulses is the fundamental
cavity repetition rate, 14.28 MHz, corresponding to the pulse separation of about 70
ns. When the power is increase to 60 mw, the repetition rate of pulses becomes

185.64 MHz which is 13 times of fundamental cavity repetition rate, as shown in

figure 3-3 (b). At this state, decreasing the pump power to 12 mw and adjusting the
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PC, it is observed that the fundamental PML shifts to 1530 nm and the laser
generates pulse trains with a repetition rate of 14.28 MHz .Further increasing the
pump power to 60mw and adjusting the PC, the distribution of 23 solitons is
observed uniform, as shown in figure 3-3 (d). Thus the laser is passively mode-
locked at the 23™ harmonic with a repetition rate of 328.44 MHz. The PML is self-

started if the pump power is switched off/on.

Usually, the SMS is used to evaluate the passive harmonic mode-locking by
analysis the RF spectrum of the output pulse. The RF spectra of fundamental mode-
locking and harmonic mode-locking at individual wavelength are measured, as

shown in figure 3-4 to 3-7:
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Figure 3-4: RF spectrum of fundamental PML at 1554 nm
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Figure 3-5: RF spectrum of harmonic PML at 1554 nm

E MS2650/60 Series Spectrum Capture
Eile Edit Marker Limits Options Help

LEX

Power [dBm]

-100 =

LEGEND:

- 10:47:44 u

\

et

BN

=

105~ ‘
1423 1424 1425 1426 1427 1428 1429 1430 1431 1432 1433

Frequency [MHz]

Ready

26

| 310ct2009 | | 10:49AM |

Figure 3-6: RF spectrum of fundamental PML at 1530 nm



TECHNOLOGICAL

UNIVERSITY

=l Ms2650760 Series Spectrum Capture E]@

Eile Edit Marker Limits Options Help

- LEGERND:

10 - 12:51:52 =
-15
-20
-25
-30
-35
-40 =
-45
50 1 )
55 !
-60
-5
70 |
-75
-80
85 Rl R v = A G0
-90- ] ] ] ] | |
0 50 100 150 200 250 300 350 400 450 500
Frequency [MHz]

Power [dBm]

Ready | 310ct2008 | | 1253PM |

Figure 3-7: RF spectrum of harmonic PML at 1530 nm

It can be seen from figure 3-4 and 3-6 that the fiber laser is mode-locked at
fundamental repetition rate of 14.28 MHz. However one is mode-locked at 1554nm
while the other one is mode-locked at 1530nm. The main reason for this is the
special property of EDF which has two absorption peaks at 1530nm and 1560nm.
From figure 3-5 and figure 3-7, the fiber laser is harmonic passively mode-locked at
1554nm and 1530nm respectively. For 1554nm, the generated output pulses have a
repetition rate of 185.64 MHz while they have a repetition rate of 328.44 MHz at
1530nm. Normally when | examine the quality of a mode-locked fiber laser, | will
look at the SMS from the RF spectrum. It is clearly shown that for both case the

SMS is deduced larger than 30dB for each wavelength.
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The maximum harmonic (23rd) of fundamental cavity repetition rate at
1530nm is different from the one (13th) at 1554nm. It is due to the same pump
power at two different wavelengths. First of all, | get the result of 13" harmonic
mode-locking at 1554nm when the pump power is 60mw. Then | keep the 60mw
and adjust the polarization controller to get the result of 23" harmonic mode-
locking at 1530nm. The harmonic number “13"™ and “23™ of mode-locking are
determined by the pulse energy of fundamental soliton at each wavelength. Since
our fiber laser operated at the anomalous cavity dispersion regime, the pulse width
and the cavity dispersion are different at 1530 nm and 1554 nm. Thus, the pulse
energy of fundamental soliton is different at each wavelength. Under the same
pumping power, the achievable maximum number of soliton is different at different
wavelength. Since the passive harmonic mode-locking is achieved by the multiple
soliton generation and soliton energy quantization effect, increasing the pumping
power will not increase the pulse energy of fundamental soliton, but generate new
solitons one by one in the cavity. Thus, multiple solitons are formed in the cavity
and the order of harmonic mode-locking is different under the same pumping power,
due to the different soliton energy at each wavelength. In the experiment, | can
realize the same harmonic number of mode-locking at either 1554 nm or 1530 nm,
in case | vary the pumping power, respectively. The existence of an artificial comb
filter from the birefringence of the cavity, together with the gain profile of erbium-
doped fiber (EDF), results in a wavelength-switchable lasing. Thus, the emission
wavelength of harmonic passive mode-locking can be experimentally switched by

only adjusting the laser polarization in the cavity.
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Finally, I characterize the pulse emitted at 1530 nm in details. Figure 3-8
shows the autocorrelation trace of the pulses mode-locked at 23" harmonic. A good
fit is obtained by using a sech®-pulse shape, yielding a full width at half-maximum
(FWHM) of 1.3 ps. Since the optical spectral bandwidth at half-maximum is
AA=1.77nm, the time-bandwidth product is 0.316, indicating that the pulses are

almost transform-limited.

1 Experiment
Sech fitting
0.8 1
£
g
= 0.6 .
=
2]
N
= 0.4
£
p-
[=]
-
0.2
0
-6 -4 -2 0 2 4 6
Delay (ps)

Figure 3-8: Autocorrelation trace and a sech? fitting.

| have also measured the average output power when the fiber laser is
passively mode-locked at fundamental repetition rate of 14.28 MHz at 1530nm.
With pumping power of 12mW, the average output power measured at the 10% port
of output coupler is about 35 uW, corresponding to 2.45 pJ pulse energy. After

increasing the pumping power to 60 mW, the 23" harmonic mode-locking is
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achieved at 1530 nm. The average output power of pulses with a repetition rate of
328.44 MHz is measured about 1.16 mW, corresponding to 3.53 pJ pulse energy. In
addition, 1 also measure the pulse duration of the pulses mode-locked at the 13"
harmonic at 1554 nm. The full width at half-maximum (FWHM) of 1.0 ps is
obtained after fitting with a sech?-pulse profile. Since the 3 dB spectral width is 3.9

nm, the time-bandwidth product is 0.316(the same as 1530nm).
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Figure 3-9: Measured timing-jitter of output pulse

During experiment, | also use with R&S FSUP26 signal source analyzer to measure
the phase noise of pulses with a repetition rate of 328.44 MHz(which is the highest

in this whole experiment, in this experiment | focus on the measurement at 1530nm
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only). The timing jitter integrated from 100 Hz to 10 MHz is 142.6 fs which is

shown in Figure 3-9.

3.4 Chapter summary

In this chapter, | have experimentally demonstrated a wavelength-switchable
passive harmonically mode-locked fiber laser with low pumping threshold using
SWCNT. With the help of SWCNT, both multiple soliton generation at different
wavelength and low pumping threshold has been achieved simultaneously. When
the 980 nm laser diode provides a 60 mW pumping, the fiber laser is passively
mode-locked at either 23 harmonic at 1530 nm or 13" harmonic at 1554 nm by
setting different polarization in the cavity, respectively. The measured SMS of each
wavelength is more than 30 dB. The pulses at 1530 nm are characterized with a
repetition rate of 328.44 MHz, a transform-limited pulse width of 1.3 ps, and a

timing jitter of 142.6 fs.
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Chapter 4 PULSE ENERGY
ENHANCEMENT IN AN ALL-
FIBER DISSIPATIVE
SOLITON LASER

4.1 Introduction

Fiber pulsed lasers with the advantages of simple design, low cost and high
stability have been proved to be strong competitor with solid state lasers and
attracted extensive attention in the last few years [34-35]. To scale up pulse
energies extracted directly from fiber oscillators, lasers operating in large normal
dispersion regime are preferred. This type of lasers generates typical pulses with
large normal chirp and steep spectral edges that are also called dissipative solitons
(DSs). It has been shown that spectral filtering plays a curial role in DS formation in
fiber lasers with large normal dispersion. Recently, Chichkov et al. demonstrated an
all-normal-dispersion (ANDiI) fiber laser with pulse energies of 20 nJ emitting at 1.5
um region with erbium-doped fiber (EDF) as a gain medium. In this fiber laser, a
bulk birefringent filter was used to dominate the DS pulse shaping and stabilize the
laser operation [61]. In the same year, Liu et al. reported a compact all-fiber EDF
laser with large normal dispersion. By nonlinear polarization rotation the laser
produced pulses with 8 nJ of the pulse energy [33].

It is well known that pulses can be effectively enhanced in energy by lengthening

cavity length together with increasing net cavity group velocity dispersion (GVD).
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4.2 Experimental Setup

The experimental setup is shown in figure 4-1. The laser oscillator is made
of a polarization-independent isolator, a fiber based polarizer, two sets of
polarization controllers (PCs), a wavelength division multiplexer (WDM)
combining the pump and signal at 976nm and 1550nm, a 15-m-long EDF with
GVD of 28 ps?’km and a fused coupler with 70% output coupling ratio. The
polarization state of light in the laser cavity can be controlled by adjusting the PCs,
which works together with the polarizer suppressing one polarization to achieve
mode-locking by NPR. The pigtailed fiber of the WDM is 1.5-m-long HI1060 Flex
fiber with GVD of 20 ps?/km. The polarizer and the isolator are made with standard
single mode fiber (SMF) with GVD of -22 ps*/km, and the total pigtailed fiber is
1.5m long. The two sets of PCs and the output coupler are made of 7-m-long
dispersion compensation fiber (DCF) with GVD of 5.2 ps?/km. The ring cavity also
contains a 64-m-long DCF to increase the cavity length and net cavity dispersion.
The total length of the laser oscillator is 89 m resulting in a ~2.3 MHz fundamental

repetition rate and the net cavity GVD is about 0.78 ps?.
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Figure 4-1: Experimental setup of the large normal dispersion EDF laser mode-
locked using nonlinear polarization rotation. (DCF: dispersion compensation fiber,
PC: polarization controller, WDM: wavelength division multiplexer.)

4.3 Experiment Results and Discussions

Initially, the 64-m-long DCF was not added into the laser cavity and,
therefore, the total cavity length in this case is about 25 m and the net cavity GVD
is ~0.45 ps2. By appropriately adjusting the PCs within the cavity, self-starting
mode-locking and single-pulse operation were achieved when the pump power was
beyond a threshold value of 88 mW. After mode-locking, the laser generated stable
pulse trains with the fundamental cavity repetition rate of about 8.3 MHz. From the
measured radio frequency (rf) spectrum, a signal-to-noise ratio up to 80 dB was
achieved, indicating that stable mode-locking was realized. When the pump power
was increased above 280 mW, multi-pulse operation was observed. Figure 4-2 (a)
shows the optical spectrum of the output pulse at pump power of 280 mW.

Obviously, the optical spectrum of the pulse has the characteristic steep spectral
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edges of DSs [31, 32]. It has an edge-to-edge spectral width of 23 nm, centered at

1561 nm.
0
1.0
10  ——
(@) (b)
] 0.8+
z 20 .
s
o o 06
T L
= .30
z 2
- 7]
2 404 ch 0.4 —Pulse!)rofi!e
% £ = « » Gaussian-fit
604 0.04
T T T T T T T T T T T T T
1530 1540 1550 1560 1570 1580 1590 50 40 -30 -20 10 0 10 20 30 40 S0
Wavelength (nm) Time delay (ps)

Figure 4-2: (a) Optical spectrum of the output pulse. (b)Autocorrelation trace of the
chirped pulse.

The measured autocorrelation trace is shown in Figure 4-2 (b). It shows that
the autocorrelation trace has a full width at half maximum (FWHM) of about 33 ps,
corresponding to 23 ps of pulse duration due to its Gaussian profile. The time-
bandwidth product is 66. The measured average output power is 48.4 mW, thus the
calculated pulse energy is up to 5.9 nJ.

When the 64-m-long DCF was added into the laser cavity, the total cavity
length was increased to 89 m. Once the PCs were under proper settings, the laser
was self-started and single pulse operation was achieved when the pump power was
above 62 mW. The fundamental repetition rate was observed to be 2.3 MHz. When
the pump power was in the range of 62 mW to 100 mW, the laser operated on the
single pulse state. With the pump power at 100 mW, the output was characterized

with a 20-GHz real time oscilloscope and an autocorrelator. The measured
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oscilloscope trace and the rf spectrum were shown in Figure 4-3. The period of the
pulse trains is 435ns (see Figure 4-3(a)) which agrees well with the repetition rate of
2.3MHz. Figure 4-3(b) shows the measured rf spectrum of the output pulse trains. It
was measured by a 2-GHz photodetector and a signal-source analyzer (SSA, Rohde
and Schwarz FSUP26). The signal-to-noise ratio is up to 80dB at a 300Hz

resolution bandwidth, which indicates stable single pulse operation is attained.
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Figure 4-3: (a) Oscilloscope trace of the output pulse trains. (b) rf spectrum of the
output pulse trains

Figure 4-4(a) shows the output optical spectra at different pump power. It
can be seen that the output optical spectra have the characteristic steep edges,
indicating that DSs are formed in this long laser cavity with strong net normal
dispersion. With the pump power increasing from 62 mW to 100 mW, the edge-to-
edge spectral width of the output spectrum was broadened from 15 nm to 19 nm due
to self-phase modulation effect. The corresponding center wavelength shifted by ~1
nm towards the short-wavelength direction. With the pump power at 100 mW, the

autocorrelation trace was measured and shown in Figure 4-4(b). The pulse duration
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(FWHM) is 35 ps, assuming a Gaussian profile. The time-bandwidth product is 83.
As keep increasing the pump power, CW peaks appeared on the output optical

spectrum and multiple-pulse operation was further observed.
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Figure 4-4 (a) Output optical spectra at different pump power. (b)Autocorrelation
trace of the chirped pulse.

The variation of the output power as well as the corresponding pulse energy
with the pump power was also measured, as shown in figure 4-5. It is clear that self-
started mode-locking is achieved when the pump power is above a threshold value
of 62 mW. Below 100 mW, our laser operated in a stable single pulse state with
output average power up to 22 mW corresponding to calculated pulse energy up to
9.4 nJ. The laser will operate on the multi-pulse state as the pump power was
increased above 100 mW. The spectral and the temporal widths of pulses became
narrower once an additional pulse was generated, and then they became wider as the

pump power increased [33]. It is necessary to mention that, a 1550 nm isolator was
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employed external to the cavity in both the short and long cavity cases and,
therefore, the unabsorbed 976 nm pump light was removed from the measured

output signals.
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Figure 4-5: Pump power versus the output power and the corresponding output
pulse energy.

It is shown that both the short and the long cavities output the pulses with
strong chirp. To compress these highly chirped pulses, standard SMF was employed
external to the cavities. For the short laser cavity, a 89-m-long SMF was proved to
be a proper length by cut-back method to compensate the chirp accumulated inside
the cavity and the output pulses can be compressed to ~300fs pulse width, 11%
above the transform-limited pulse due to uncompressed nonlinear chirp, as shown in
figure 4-6. In contrast to the short laser cavity, a 195-m-long SMF was used to
compress the output pulses from the long laser cavity. The output pulses can be

compressed to ~395 fs pulse width, see figure 4-6. The calculated time-bandwidth

product is 0.53, 20% above the transform-limited profile indicating more nonlinear
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chirp accumulated in the long cavity. It is clear from figure 4-6 that, both the
compressed pulses have small satellites resulting from the nonlinear chirp of the
pulse edges. The satellites for the short laser cavity case contain ~10% of the pulse
energy while they contain ~20% of the pulse energy for the long laser cavity case.
Both the chirp and the spectral width of pulses determine the length of SMF used to
compress the output pulses. The larger the net cavity GVD and the narrower

spectral width, the longer SMF is needed for pulse compression.
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Figure 4-6 Dechirped pulses for two cavities

In the experiments, without inserting any additional spectral filter that was
usually used in other large normal dispersion fiber lasers [34, 35], DSs with high
pulse energies were realized in the proposed fiber lasers. That is because the pulse
shaping in the large normal dispersion cavities is dominated by the limited gain

bandwidth together with the gain saturation of the EDF. The EDF functioned as an
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effective spectral filter. Experimental results showed that our lasers can operate
stably more than two weeks. They can always self-start and get the same output
characteristics when the pump power is above the threshold value.

In order to get insight into the laser stability, | also monitored the long term
drift of the repetition rate of our long cavity laser. | define Af as the drift of the
repetition rate of the laser, namely, Af=frep—firep, where frep is the instant
repetition rate of the long cavity laser, and firep the initial repetition rate when the
laser implemented self-started mode-locking. The repetition rate drift Af within
1000min was measured using a signal-source analyzer (SSA, Rohde and Schwarz
FSUP26) at a 10 Hz resolution bandwidth and 1 kHz span, as shown in figure 4-7(a).
Clearly, in the early hours the repetition rate reduced slightly due to the thermal
effect of the fibers within the cavity. The maximum drift is around 40 Hz,
corresponding to the relative repetition rate variation of 1.7<10—5. Note that the
duration of 1000min does not constitute any limit to the laser stability, but is merely
the duration of the experiment. Additionally, the phase noise of the pulse trains
from the long cavity laser was also characterized and presented in figure 4-7(b). In
such an all-fiber laser design, technical noise influences are minimized and,
therefore, quantum noise resulting from spontaneous emission in the amplification
process dominates the phase noise [36]. Because of the wide pulse duration and
large dispersion, the laser exhibits higher phase noise induced by quantum noise
than soliton lasers. Calculation of the root mean square (rms) timing jitter is

typically performed over a specified frequency band using the following equation
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Equation 4-1[48]

where n denotes the harmonic order of the carrier measured, frep is the fundamental
repetition rate of the pulse trains, and Sn(f) is the power spectral density of phase
fluctuations per Hz. Here, fH and fL are boundaries of the frequency range. From

equation 4-1, the integrated timing jitter between 10 Hz and 1 MHz is calculated to

be 9.2 ps.
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Figure 4-7. (a) Drift of the repetition rate and (b) Phase-noise power spectral density
of the pulse trains of the presented laser.
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4.4 Chapter summary

In this chapter, I have proposed an all-fiber-integrated DS EDF laser generating
ultrashort high energy pulses. When the laser cavity is 25 m long, its pulse energies
can be up to 5.9 nJ. The output chirped pulses are compressed to 300 fs in duration.
In order to scale up the pulse energies, | have lengthened the cavity to 89 m by
inserting a 64-m-long DCF within the cavity. Experimental results show that the
pulse energies can be enhanced by 60% (up to 9.4 nJ) in this case. The output
highly chirped pulses have duration of 35 ps and have been compressed to 395 fs.
For the long cavity laser, its repetition rate drift as well as phase noise has also been

investigated in the experiment.
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Chapter5 SWITCHABLE
DUAL-WAVELENGTH MODE-
LOCKING OF THULIUM-
DOPED FIBER LASER BASED
ON SWNTS

5.1 Introduction

Ultrafast light sources at 2 u m wavelength region have been widely
investigated in recent years due to their eye-safe property, as well as their various
scientific applications in the fields of remote sensing, nonlinear microscopy,
medical treatment and free-space communication [37], [38]. Mode-locking is the
most typical and commonly-used approach to generate ultrafast laser pulses.
Different from active mode-locking techniques, passive mode-locking is simple,
compact and low-cost without using active modulator in the laser cavity. Generally,
passively mode-locked thulium-doped fiber lasers (TDFLs) can be implemented by
nonlinear polarization rotation (NPR), nonlinear amplifying loop mirror (NALM) ,
nonlinear optical loop mirror (NOLM), semiconductor saturable absorber mirror
(SESAM) , graphene, topological insulator, and the combination of saturable
absorber (SA) with nonlinear switching based techniques .

As carbon allotropes draw much attention recently, single-wall carbon
nanotube (SWCNT) has been demonstrated to possess ultrafast nonlinear optical

responses.
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By selecting the diameter of SWCNT, wide mode-locking operation has been
realized over a wide wavelength range from 1 um to 2 um [39]-[41]. Compared to
those lasers that are mode-locked at single wavelength, multi-wavelength mode-
locked fiber lasers can simultaneously generate pulse-trains at different central
wavelengths. Such type of lasers has attracted much interest as ultrafast laser
technologies develop rapidly, and they can be used in next generation wavelength
division multiplexing (WDM) transmission, optical signal processing, and precision
spectroscopy. After literature review, numerous results are focus on multi-
wavelength mode-locking in ytterbium-doped and erbium-doped fiber lasers [62],
[63]. As for 2 um wavelength region, a switchable dual-wavelength continuous
wave (CW) fiber laser source has been demonstrated by a cascaded filter
configuration [64]. However, such additional optical filter extends the cavity length
and increases the implementation cost. NALM and NPR techniques, on the other
hand, are good alternatives to obtain both mode-locking and filtering effect within
the laser cavity to realize multi-wavelength mode-locking [65], [66]. Nevertheless,
NALM-based and NPR-based mode-locking generally need high pump power and

careful adjustment, in order to realize stable mode-locking operation.

5.2 Experimental Setup

Firstly, | prepare the SWCNT-based mode-locker using optically-driven
deposition technique, which has been clearly reported in early works [42], [43]. The
fabrication of the CNT-SAs utilizes the optically-driven deposition method. The
movement of CNTs suspended in solution towards the connector end could be

explained by thermophoresis, in which the temperature gradient is caused by
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heating due to optical absorption [42]. The formation of CNTSs in a ring pattern on
the end-facet of the connector is believed to be a result of balancing between the
scattering force and the gradient force generated by the optical radiation [42, 43].
Driven by a 20 dBm light source, the SWNTSs are deposited on a standard FC/PC
fiber end from dimethylformamide (DMF) solution. The inner ring diameter of self-
fabricated SWNT is 14 m. Since the optical field is mainly confined at the core of
single mode fiber, our optically-driven deposition method with a larger inner ring
diameter possesses much higher optical damage threshold, leading to high pump
power injection as well as high-energy pulse generation [44], [45]. The modulation
depth of the SWNT based mode-locker is 2.4%, and corresponding insertion loss is
1.7dB. The proposed fiber laser is schematically showed in figure 5-1. The SWNTSs
deposited on the surface of a standard FC/PC fiber connector to serve as a mode-
locker. A 3.5 m commercial thulium-doped fiber (TDF, Nufern SM-TSF-9/125) is
utilized as the gain medium, which is pumped via 1570/2000 nm WDM by an C+L
band erbium-doped fiber amplifier (EDFA) with the capability of amplifying input
signal to maximum output power of 5 W. The dispersion parameter of the used TDF
is around 40 ps/km/nm at 2 um wavelength. A 1570 nm CW laser with 1 mW
output power is used as a seed source for optical amplification by such EDFA. The
polarization of light is adjusted by a polarization controller (PC). The isolator is
used to guarantee unidirectional propagation and to suppress detrimental reflections.
A 10:90 fiber optical coupler (OC) is utilized as the output port of the fiber laser.
All components within the cavity are fusion spliced, with a total cavity length of
~15 m. The net dispersion of the ring cavity is estimated to be ~-1.05 ps? at the

operation wavelength of 2 um, indicating of conventional soliton generation. An
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optical spectrum analyzer (OSA, Yokogawa AQ6375) with a resolution of 0.05 nm
is used to observe the optical spectra. Meanwhile, a real-time oscilloscope (OSC,
Agilent 54641A) with a bandwidth of 350 MHz is used to monitor the repetition
frequency with help of a photodetector (PD, EOT ET-5000F) of 12.5 GHz.
Moreover, the radio-frequency (RF) spectrum is characterized by a signal source
analyzer (R&S FSUP). Finally, the pulse profile is measured by a commercial

autocorrelator (FR-103XL).

Figure 5-1. Experimental setup of mode-locked fiber laser
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5.3 Experiment Results and Discussions

CW laser emission at central wavelength of 1947 nm is firstly observed,
when the power of pump light is set above 200 mW. Once the pump power is
further increased to 320 mW, self-started mode-locking at 1947 nm with an average
output power of 3mW can be observed, as shown in figure 5-2. The blue line in
figure 5-2. (a) presents the typical mode-locked spectrum with a 3-dB bandwidth of
2.2 nm. Spectral sideband is clearly observed, indicating that the TDFL is operated
at the conventional soliton regime. The repetition frequency of the pulse-train is
13.6 MHz, corresponding to the cavity length of 15 m, as shown in figure 5-2. (b).
The smooth peak intensity indicates that the fiber laser is operated with low
amplitude noise. The inset shows the pulse profile with a pulsewidth of 2.8 ps, so
that the pulse duration is 1.8 ps as the data is fitted by a sech2 profile. Therefore, the
time-bandwidth-product (TBP) is ~0.32, indicating the pulse is almost transform-
limited. Figure 5-2. (c) presents the RF spectrum with a scanning range of 200 MHz
and a resolution of 1kHz. The background noise is lower than -90dBm. Meanwhile,
the inset shows that the signal-to-noise ratio (SNR) of fundamental frequency is
about 60 dB under the condition of 100Hz resolution. The corresponding
background noise is about -100dBm. Therefore, the proposed 2 pum fiber laser with

low amplitude noise is successfully verified by the smooth noise floor.
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Figure 5-2. Wavelength-switchable mode-locking: (a) Optical spectra; (b)

Oscilloscope trace of the pulse-train and autocorrelation trace (inset); (c) RF
spectrum and fundamental frequency signal (inset);

Then, by adjusting the PC, the central wavelength of mode-locking can be
switched to 1945 nm and 1943 nm, as shown in figure 5-2 (a) with black and red
dash line. Especially, there is a tiny spectral dip at 1945nm, which does not move
with the PC adjustment. | believe that such dip comes from one of the prominent
water absorption bands at the wavelength of 1.94 um [46]. In addition, the time-
domain and frequency-domain features have no significant difference with results
of 1947 nm. For the purpose of clear presentation, | ignore the corresponding

characterization results.
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Figure 5-3. Switchable dual-wavelength mode-locking: (a) Optical spectra of
1945nm and 1947nm; (b) Optical spectra of 1943nm and 1945nm (c) Oscilloscope
trace of the pulse-train.

When | further optimize the PC, a dual-wavelength mode-locking at both
1945 nm and 1947 nm can be obtained. If | further change to another optimal state
of PC, another dual-wavelength mode-locking at both 1943 nm and 1945 nm can
also be observed, as shown in Figure 5-3 (a). For the ease of comparison, optical
spectra of single wavelength mode-locking for individual wavelengths are presented
in Figure 5-3 (a) as well. I can conclude that optical spectrum of dual-wavelength
mode-locking is a superposition of independent mode-locking at two wavelengths.
Moreover, two dual-wavelength mode-locking results have almost the same peak
power. In fact, the time-domain characteristics are similar as well. When | use the
trigger function to stabilize one pulse-train, the other one moves randomly on the
oscilloscope screen, indicating that two pulse-trains have different group velocities

within the fiber ring cavity. Although two wavelengths have almost the same peak
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power on the optical spectra, their peak intensities of two pulse-trains are not the
same, as shown in Figure 5-3 (b). In addition, to investigate the long-term stability
of such dual-wavelength mode locked TDFL, | continuously monitor its operation
with one-hour interval for six hours under laboratory condition, as shown in figure
5-4. After six-hour performance monitoring by the OSA, the proposed 2 pum fiber
laser has the wavelength drift of less than 0.05nm and spectral intensity fluctuation
of less than 0.1dB at the peak wavelength. As for the dual-wavelength mode-
locking operation, when | gradually reduce the pump power, it is found that only the
spectral intensity becomes weaker, while the central wavelength and spectral
bandwidth keep unchanged. Once the pump power is below the mode-locking
threshold, CW laser emission at both wavelengths can be observed, as shown in
Figure 5-5 (a) and (b). According to the CW emission spectrum, it is obvious that
there exists an artificial comb filter inside the cavity, which is induced by the cavity

birefringence [47].
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Figure 5-4. Long-term stability of dual-wavelength mode-locking.
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Next, | start to explore the effect of cavity birefringence. For our fiber ring
cavity, no polarization sensitive component is used. However, after experimental
characterization, | identify that the WDM component cannot be treated as
polarization-insensitive. With the help of a fiber pigtailed polarization beam splitter
(PBS), I find the polarization dependent loss (PDL) of the used WDM is around
3dB. Therefore, there exists weak nonlinear polarization evolution (NPE) effect in
the fiber ring cavity, which is helpful to generate a tunable comb filter within the
cavity and pave the way for multi-wavelength emission. In particular, once the
SWNT is removed from the fiber ring cavity, only CW emission can be observed.
Therefore, | can conclude that the NPE effect is not sufficiently strong to realize
mode-locking. Instead, it only contributes to the tunable comb filter generation. In
our experiment, by finely rotating the PC to perturb the cavity birefringence, the
loss of different wavelengths varies. With the saturable absorption effect of the
SWNTSs, when two wavelengths have equal intensities and are both within the
effective gain bandwidth range, dual-wavelength mode-locking operation is
successfully obtained. If the cavity loss for one mode-locked wavelength is quite
large while the others are relatively low, switchable individual mode-locking
operation among 1943 nm, 1945 nm and 1947 nm can be obtained, respectively.
According to the wavelength spacing of 2 nm, | can estimate the cavity
birefringence to be 1.26x10-4. Since wavelength spacing is negatively related to the
cavity birefringence, | can infer that triple or more wavelength mode-locking
operation can be expected by strengthening the cavity birefringence, in case all

wavelengths are within the effective laser gain range.
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5.4 Chapter summary

In this chapter, | experimentally demonstrate a switchable dual-wavelength
mode-locking TDFL using SWNTSs as saturable absorber. Without any additional
optical filters, | obtain a tunable cavity birefringence induced comb filter. By finely
adjusting the intra-cavity birefringence, the proposed TDFL can be mode-locked
not only at switchable single wavelength state, but also at switchable dual-
wavelength state with long-term stability. These properties enable the advantages of
compact size and flexible output, which make such TDFL a potential candidate for

the molecular spectroscopy, optical communication, and biomedical applications.
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Chapter 6 CONCLUSIONS

The aims of this PhD study are to design and construct passive mode locked
fiber lasers at different wavelength and then analysis the application of passive
mode locking based on different saturable absorbers. The satisfactory results show
that | have fulfilled these tasks.

In chapter 3, | propose and demonstrate a wavelength-switchable passively
harmonically mode-locked fiber laser with low pumping threshold using single-
walled carbon nanotubes. When the pumping power of 980-nm laser diode is 60
mW, passive mode-locking (PML) of a soliton erbium-doped fiber laser at the 23rd
harmonic of fundamental cavity frequency is experimentally observed at the central
wavelength of 1530 nm. By only adjusting the polarization of laser in the cavity,
another PML at the 13" harmonic is successfully achieved at 1554 nm. The
supermode suppression of each wavelength is larger than 30 dB. The pulses at 1530
nm are characterized in detail with a repetition rate of 328.44 MHz, a transform-
limited pulse width of 1.3 ps, and a timing jitter of 142.6 fs.

In chapter 4, | experimentally demonstrate pulse energy enhancement in an
all-fiber passively mode-locked laser operating in the large normal dispersion
regime. By increasing the laser cavity length as well as its net cavity dispersion, the
proposed laser, which is mode-locked by nonlinear polarization rotation, generates
highly chirped dissipative solitons with pulse energies up to 9.4 nJ. The
fundamental repetition rate is 2.3MHz, and the pulse duration is 35 ps. Such low
repetition rate as well as wide pulse width makes this mode-locked all-fiber laser a
suitable oscillator to directly seed a fiber amplifier, which can be used as compact

sources for high-power applications.
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In chapter 5, | experimentally demonstrate switchable dual-wavelength
mode-locking of TDFL, using SWCNTs as SA. Due to the cavity birefringence-
induced comb filter, switchable mode-locking can be individually realized for the
proposed TDFL among three wavelengths of 1947 nm, 1945 nm, and 1943 nm, with
almost the same 3-dB spectral bandwidth of 2.2 nm, repetition rate of 13.6 MHz
and pulse-width of 1.8 ps. Furthermore, after finely adjusting the intra-cavity
birefringence, | are able to demonstrate switchable dual-wavelength mode-locking
at either 1947/1945 nm or 1945/1943 nm. The optical spectra of dual-wavelength
mode-locking have almost the same characteristics and can maintain stable

operation for a long period.
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