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Chapter 1 Introduction
1.1 A historical background

Lasers are intense beams of electromagnetic radiation travelling in a specific
direction. That said, the defining properties of lasers are that the light waves are co-
herent, and they are of one wavelength described as monochromatic. By harnessing
these properties in a device that reflects the light back and forth through a special ma-

terial, it is possible to generate an amplified light source.

The first experimental demonstration of the laser in the 1960’s is one of the
most significant technological developments of the modern age. It all started in 1917,
when Albert Einstein established the lasing principle through his work on quantum
theory. A series of developments over the next decades culminated in Theodore
Maiman's demonstration of the first working laser on 16 May 1960 by shining a high-
power flash lamp on a ruby rod with silver-coated surfaces [1]. Famously, Maiman's
proposal was rejected by Physical Review Letters, whose editors judged it as the same
work published earlier by Maiman concerning the excitation of ruby with light, with
an examination of the relaxation times between quantum states and it is just another
episode in the stream of research related to masers [2], led by Charles Townes and
others. When the first laser appeared, it was dubbed “a solution looking for a prob-
lem”, which Townes has said he regarded not as a joke but as a challenge [3]. But by
bringing together optics and electronics, several research fields have bloomed in the
tield of optics and photonics, thus marking the beginning of a new technological era
shaped by the control of light, and many different laser types and applications came

along.

Lasers have become an enabling technology with diverse applications from
medicine to manufacturing, communications to measurements and from research and
analysis to domestic entertainment. On a business marketing scale, estimates suggest
that the world market for lasers in 2017 alone is worth more than $11.1 billion and that
the total number of laser patents issued since its invention is more than 50,000 [4]. It is

no exaggeration to say that lasers have been nothing short of revolutionary in almost
1



Chapter 1: Introduction

60 years of their first demonstration and that without lasers, our modern technological
world would be nothing like it is today. In fact, only one year after its invention, the
laser was applied in a medical procedure at the Columbia-Presbyterian Hospital
where a ruby laser was used to destroy an eye tumor. Today, lasers are common in
most medical disciplines, e.g. dermatology, dentistry and eye surgery, because of their
ability to deliver high-precision treatments, whilst remaining minimally invasive.
Also, measurement and analysis have been transformed by the laser. Lasers are used
to mark construction sites, determine the position of targets and to measure distances
in outer space. Laser analysis of chemical and physical structures has allowed factories
to manage quality control efficiently. Lasers also play a crucial role in the inspection
of pharmaceuticals. Lasers can generate extreme pressures and temperatures, and so
can be used to ignite nuclear fusion. Research into laser-driven fusion is currently un-
derway and promises to address the increasing demands for energy. In addition, sci-
entists are exploiting lasers in the development of solar cells. Long distance telecom-
munications and broadband internet both depend on the transmission of light pulses
along optical fibers. These light pulses are both generated and relayed via lasers. This
revolutionary method of communication is replacing less efficient copper wire-based
networks and is the foundation of the internet and information age. Lasers are em-
ployed across the manufacturing industry as tools capable of delivering intense cut-
ting or welding power with high precision. Their ability to manipulate and transform
materials makes them ideal for the automobile, computers, etc. In fact, it is difficult to
find a modern consumer product that has not been shaped by a laser during its man-

ufacturing.

There are many types of lasers available and often described by the kind of
lasing medium they use i.e. solid state, dye, excimer, gas or semiconductors. Regard-
less the medium, lasers are characterized by the duration of the laser emission and are
divided into two main categories: continuous wave and pulsed. In the continuous
wave, lasers operate with a continuous “free-running” beam power. In most high-
power systems, this beam power can be adjusted while in low power lasers, its level is

tixed by the design and performance usually degrades with time. While in pulsed
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mode, the optical power appears in pulses of a specific duration at a specific repetition
rate. There are numerous methods to achieve laser pulsing, but the end-result follows
the same principle. From these methods, two are usually distinguished for operating

lasers in pulsed mode: Q-switch and mode-lock.

The first proposal for Q-switched pulsed laser was reported by Hellwarth in
1961 [5] and the first demonstration of such generated pulses was achieved in 1963 by
McClung and Hellwarth; they presented the emission of nano to microseconds pulses
with high energy from ruby by a nitrobenzene Kerr cell modulator [6]. The first indi-
cations of mode-locking in lasers appeared in 1963 [7]-[9] and continued with the
works of DiDomenico and Hargrove [10], [11] by modulating cavity losses inside the
laser, which was called actively “mode-locked” lasers. Passive mode-locking with satu-
rable absorber was demonstrated later with Mocker and Collins [12] and DeMaria [13].
It is in this period of mid 1960s that began the production of narrow pulses known as
ultrafast pulses by mode-locking in a laser cavity. Meanwhile, optical fibers doped
with rare earth ions were being tested as adequate candidates for the amplification
medium in the production of lasers, and since optical fibers allow the study of linear
and nonlinear effects of the light, while it is propagating inside the laser cavity. Snitzer
explored the prospects for laser action from glasses doped with rare earths and demon-
strated the first neodymium-glass laser in a millimeter-scale rod with the neodymium
glass in a high-index core, making it essentially the first fiber laser [14]. Glass laser
developers moved on to thicker rods in quest for higher power, and wouldn’t return
to fiber lasers for many years, but in 1964, Charles Koester and Snitzer demonstrated
the first fiber amplifier, using a spring-shaped coil of fiber slipped around a linear flash
lamp as a pump source [15]. This multimode laser delivered few milliwatts of output
power at a wavelength of 1 pm. Several difficulties were then encountered during the
design of the fiber laser, particularly related to the design of low-loss optical fiber and
the pumping efficiency of these fibers. In fact, conventional glass simply couldn't be
made transparent enough to carry light far since about 99 percent of its energy was

lost by the time it had propagated few meters. Fortunately, Charles Kao predicted that
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optical fibers could be made pure enough to carry signals for long distance as he col-
lected and analyzed samples from glassmakers and concluded that the energy loss was
mainly due to impurities such as water and minerals, not the basic glass ingredient of
silica itself [16]. This led in 1970 to the creation of very long glass fibers by Corning
Glass Works, that performed as Kao and Hockham had foreseen. It is with these pre-
vious advances in the development of lasers that the first single-mode neodymium
doped fiber laser was produced [17] delivering a few milliwatts of output power.
Highly doped fiber cores were later made with various rare earth ions such as neo-
dymium, erbium, ytterbium, thulium [18]-[21]. Rare-earth doped fiber lasers confine
the cavity light into bendable waveguides, which introduced subsequently compact
laser sources. Besides reducing or eliminating complex alignment, waveguiding of the
signal and pump also offers very high gain per pass and excellent thermo-optical prop-

erties.

1.2 Motivation

A common feature to all mode-locked lasers is the intensity discrimination,
which is achieved by the mode-locking mechanism [22]. Such feature, also known as
saturable absorption, is the underlying mechanism responsible for passive mode-lock-
ing [23]. Saturable absorption can be achieved by a variety of physical mechanisms
including nonlinear polarization rotation [24]-[27], nonlinear interferometry [28]-[33],
nanomaterial based saturable absorbers [34]-[36], or nonlinear mode-coupling [37],

[38].

The possibility of using optical fibers in short-pulse laser devices has moti-
vated research for nearly two decades. Fiber cavities mode-locked by saturable absorb-
ers have become the most reliable and compact sources for robust ultrashort optical
pulses. Such fiber lasers offer major practical advantages over solid state configura-
tions. They are relatively cheap, compact, and do not require careful alignment of the
optical cavity since the light is contained in a waveguide. This evolution allowed the
investigation of a variety of new pulse distributions resulting from the interaction of

light and optical fiber. Among several optical pulse formats, optical soliton [39] is a
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very stable optical pulse formed from balancing between the anomalous dispersion
and the fiber’s self-phase modulation (SPM) effect, and between gain and losses. Inde-
pendent of the mode-locking techniques, it was found that the soliton operation of all
lasers exhibited a multiple pulse generation in the laser cavity under increasing pump-
ing power. Different soliton distributions have been presented theoretically [40]-[42]
and experimentally [32], [43]-[45] in the field of ultrashort pulse generation. The ob-
servation of this collective interaction between solitons in fiber lasers allowed to con-
firm the universality of solitons regardless the cavity configuration and to demonstrate
the possibility of actively controlling their behavior. In fact, Komarov et al. have
showed numerically that in the case of a harmonic mode-locked distribution (HML),
the spectral position of an existing continuous wave (CW) in the spectrum is a factor
of controlling the different nature of interactions between the pulses [46], [47]. It was
also confirmed Niang et al. that by externally injecting a CW in a mode-locked fiber
laser, the laser is forced to operate under a different regime from the initial state regime

[48], [49].

On the other hand, the multiple solitons generation and the soliton energy
quantization effect [50] limit the generation of optical pulses with larger pulse energy
and narrower pulse width in the lasers. Due to this effect, when the pumping strength
of the energy source is increased, the number of pulses increases inside the laser cavity
so that the energy of a distinct pulse remains nearly unaffected. The shortening in
pulse duration implies a spectral broadening in the Fourier domain, and when the
pulse spectrum exceeds the gain of the bandwidth, the pulse becomes unstable. In this
case, the single-pulse bifurcates into the next most energetically favorable state of a
double-pulse configuration. The number of pulses is proportional to the pumping
strength. It was conjectured that the soliton energy quantization could be an intrinsic
property of the laser solitons, as solitons formed in a laser are intrinsically dissipative
solitons, where the requirement of soliton internal energy balance ultimately deter-
mines the energy of a soliton [51]. Recently, new insights into pulse shaping and prop-
agation physics [52], [53] have provided glimpses of order-of-magnitude increases in

the pulse energy and peak power in femtosecond fiber lasers. However, the design
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and optimization of high-performance fiber lasers is impeded by multi-pulsing insta-
bilities (MPI), which ultimately impose a fundamental limitation on a single mode-
locked pulse’s energy [54]. Convenient way for circumventing the limitations and
drawbacks of complicated configurations emerged with the theoretical predictions of
Chang et al. [55], [56] and involved designing the passively mode-locked laser resona-
tor with parameters enabling existence of so called Dissipative Soliton Resonances
(DSR) effect. This permits the soliton energy to increase virtually indefinitely, while
keeping the amplitude at a constant level and it has been demonstrated experimentally

in NPR, figure-of-eight and even with graphene based saturable absorber [57].

1.3 Thesis outline

This manuscript deals with the optics of mode-locked fiber lasers using a va-
riety of configurations and different mode-locking mechanisms at wavelengths in the
near infrared range. The principal objectives are multiple: to describe the fundamental
principles of mode-locking, to present experimental techniques for the generation of
high energy mode-locked pulses employing various mode-locking methods thus
proving its universality and finally to present experimental and technical methods in
fabricating real saturable absorbers based on nanomaterials capable of generating high
power ultrashort pulses in a laser configuration. Thus, this introduction chapter is fol-

lowed by:

e Chapter 2 begins with a brief overview discussing key attributes of ultrashort
laser pulses and some application examples. Then we continue by covering the
basic principles of laser mode-locking. The intent is not only to cover one of
the most interesting topics at the outset, but to use the discussion on mode-
locking as a physical context in which we aim to introduce a variety of im-

portant optical effects (e.g., dispersion, filtering, and cross phase modulation).

e In Chapter 3 we discuss the influence of an injected continuous wave pulse on
the behavior of the harmonic mode-locked fiber laser. These lasers possess a

rich diversity of dynamical regimes that have been demonstrated through the
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last decades. Recent experiments on external optical injection of continuous
wave have shown the influence of such mechanism on forcing a harmonic dis-
tribution operational mode over the dominant self-starting regime. We demon-
strate in this chapter that by using the injection method in certain conditions,

the stability of the laser is improved.

In Chapter 4 we focus on high average output power passively mode-locked
fiber lasers. It begins with a detailed coverage of optics methods that enable
pulse shaping and high average output power fiber laser generation. After de-
tining key concepts regarding the soliton area theorem, the discussion covers
the generation of square pulses exploiting the mechanism of dissipative soliton
resonance in anomalous dispersion. First, the dissipative soliton resonance is
investigated under the nonlinear polarization evolution mechanism of mode-
locking, then under the nonlinear amplifying loops mechanism. The effect of
cavity coupling ratio and length are investigated to define a set of key parame-
ters that maintain pulse stability. After that, new effects such as multipulsing
instabilities arising in dissipative soliton resonances are discussed. By taking
advantage of the dissipative soliton resonance regime, we study the spectral
dynamics of square pulses and we demonstrate for the first time, experimen-
tally and numerically, the generation of staircase shape pulses generated in fi-

ber lasers.

In the previous chapters, we discuss the different aspects of pulse generation
and pulse stability that can exist in passively mode-locked fiber lasers based on
artificial absorbers. Chapter 5 focuses on the manipulation of ultrashort pulses
using nanomaterial based saturable absorbers such as graphene and topological
insulators. A thorough state of the art is presented as a well-defined introduc-
tion to the field of nanomaterials and their potential in mode-locked fiber lasers.
Saturable absorbers are explained in detail where the mechanism of saturable
absorption is highlighted and the different methods of characterizing the nano-
materials” optical properties are depicted accordingly. Also, deposition tech-

niques of nanomaterials as fiber-based saturable absorbers are introduced and
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two main methods are stressed on. Therefore, this chapter takes a two-pronged
approach. First, the end-faced based saturable absorber is treated classically
where experiment in fiber ring cavity is discussed for illustration. Second, after
anecessarily introduction to the importance of optical tapers, experiments and

results concerning graphene and topological insulators are presented.

The final chapter concludes the experimental results presented in this thesis and

highlights perspectives and possible development of the work.



Chapter 2 The physics of fiber lasers

The fundamental optical element in this work is the optical fiber, where non-
linear optical effects are exploited. Optical fiber was one of the most successful inven-
tions of the twentieth century as it has led to the development of telecommunication

and advances in ultrafast technologies.

This chapter gives a general introduction to the field of ultrafast lasers, while
emphasizing on mode-locked fiber lasers and the different mechanisms used to gen-
erate ultrashort pulses. It presents a well-defined context governed by the physics of

propagation in optical fiber and the generation of short pulses.
21  Optical fibers

Conventional step-index silica fibers are the most common fiber in use today
due to their widespread use in telecommunication networks. The basic concept of such
fibers is to clad a core fiber with a lower index dielectric as proposed by van Heel in
1954 [58]. Two years later, the first step-index silica fibers were manufactured showing
their potential in the field of telecommunications [59]. In the 1970s, several break-
through improvements were made to reduce fiber losses. Researchers at Corning de-
veloped the predecessor to modified chemical vapor deposition to facilitate losses of
less than 20 dB.km™ [60]. One year later, researchers at Bell labs dramatically reduced
the fiber loss at 1.55 um to as low as 0.2 dB.km™! [61], which is very close to the theo-
retical limit. This discovery led to the commercial deployment of optical fibers for long
distance communications and enabled many other fiber-based photonic technologies.
The importance and success of optical fibers can be attributed to several excellent prop-

erties from which we can mention:

e Extremely low attenuation (due to the use of high purity materials and careful
processing) in the C-band (1550 nm).

e Good material properties (chemical stability, resistance and strength).

e Optical confinement over very long distances.

e Compactness (flexibility, ease of being coiled and packaged).
9
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¢ Environmental robustness (alignment free for all fiber system, less influence of
environmental perturbation compared to bulk systems).

e High power handling (low intrinsic nonlinearity of silica).
2.1.1 Basics of electromagnetic waves

From Maxwell’s equations, it can be shown that the electric field E obeys the

wave equation:

O°E(r,t) o*P(r,1)
= HO

V2E(r, 1) —u.e
(r,t) o€ ot ot

Eq.1

where E is the electric field vector and P is the induced electric polarization. p, is the
permeability of free space and ¢, is the permittivity of free space. The time varying

polarization drives the electric field. For a linear propagation, the relation between P

and E can be written as:

P=eyx. E Eq. 2
where y, is the linear susceptibility. In linear medium, y, can be expressed using the

following;:

g =1+y, Eq.3
where ¢, is defined as the relative permittivity. The refractive index of a material n is

given by:

n=\lg =1+ 2 Eq.4

The real part of n defines the magnitude of the propagation vector k , ex-

pressed as k =n/wc while the imaginary part gives rise to the attenuation of the field.
2.1.2 Principle of waveguiding

The guidance mechanism of the light beam through an optical fiber (step-in-
dex) takes place because of the total internal reflection at the core cladding interface as

shown in Figure 2:1.

10
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Figure 2:1. Light guidance in a step-index optical fiber under total internal reflection.

The numerical aperture NA characterizing the range of angles the fiber can
accept, is determined by the refractive contrast between the core and the cladding and

given by:

NA=,/nZ —n} =sin(a) Eq.5

where n, and n, are the refractive indexes of the doped core and the cladding respec-

tively, and « is the incidence angle. Due to the axial invariance of optical fiber, the

electric and magnetic field for a given frequency can be written as:

E(r,z,t) =E, (r) exp[-i(at- B7)] Eq. 6
H(r,z,t)=H, (r) exp[—i(wt - B7)] Eq.7

where E is the modal electric field distribution and H, is the corresponding mag-
netic field distribution. The axial position along the fiber is denoted by z . r is the
transverse position vector over the cross-section (x, y) and @ is the angular frequency.

p is the axial component of the wave vector, known as the fiber propagation constant
since it is invariant regardless of transverse and axial position. The magnitude of the

wave vector is also constant in any material at k,n where n is the local refractive index

2r . : .
and k, = - Hence, the magnitude of the transverse propagation constant is con-

strained such that:

k = Jkzn?— §° Eq.8

11
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where k; is the perpendicular wave number and n is equal to n, or n, .Itis important

to note that the refractive index profile of the fiber at any point must satisfy

ng <n(x,y)<n, where n, and n, are the borders indices. Therefore, g satisfies the

condition given by:

Nk, < B <n.k, Eq.9
In this case, only certain values of the propagation constant are possible, illustrating
that the light is guided in the core and the field in the cladding will decay gradually
with distance from the core-cladding interface. In addition, the above equation implies
that the optical fiber may support multiple solutions, which are known as modes. For
a conventional step-index fiber, this can be illustrated using the V parameter. With a

given core radius a , the V parameter can be expressed as:

V =aky\/(n2 —n?) Eq. 10

The number of modes increases with the V parameter. For a single mode fiber where
only the fundamental mode propagates, it needs to satisfy the condition V <2.405 .
From this, the cut-off wavelength of a single mode fiber can be calculated. Typically,
single mode fibers have a small core size to wavelength ratio and small refractive index

difference between the core and the cladding.
2.1.3 Rare-earth doped fibers

The success of the significant reduction in the loss of standard telecom fiber
motivated the development of rare-earth doped gain fibers. By combining the gain of
rare-earth ions with tight optical confinement available in the optical fiber, these ma-

terials offer an excellent medium to produce compact and efficient devices.

By incorporating a laser ion into the core of an optical fiber, one obtains a
unique medium that exhibits both a low propagation loss and a high gain. The greater
the optical densities, the higher the probability of encounter between an inverted ion
and a single photon, the higher the optical gain [62]. Rare-earth doped fiber lasers have

several advantages, which makes them comparable or superior to the bulk lasers,

12
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namely, high pump absorption, thermal advantages and mechanical superiority. Fiber
lasers on the other hand, have major limitations when high pulse energies are required

due to the long interaction length of fiber, which leads to undesirable nonlinear effects.
2.2 Pulse propagation in optical fibers

When pulses propagate along a fiber, their temporal shapes, spectra and
power are influenced by the combination of different phenomena’s. To describe the
propagation of the electric field envelope, the dominant physical effects must be taken
into consideration. It includes dispersion, absorption and nonlinearities. The simplest
standard equation used to describe the propagation inside optical fiber is the Nonlin-

ear Schrodinger equation NLSE [63]:

2
(Dt L TA
oz 2 2t

+y|A"A=0 Eq. 11
A represents the envelope of the field, S, is the second order group velocity disper-
sion parameter, y is the nonlinear parameter and « is the absorption coefficient. The

NLSE equation is derived from Maxwell’s equations and adapted to single-mode

propagation.

s A

Direction of
travel

V' > F

Phase fronts

Figure 2:2. Plane wave propagation

The simplest form of solution is a plane wave, whose surfaces of constant phase are
infinite planes, perpendicular to the direction of propagation as in Figure 2:2. Clearly,
in this case no field quantities can vary with the transverse coordinates x and y; the

only spatial variation is caused by changes in the propagation direction z in time. The

13
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envelope of the field A , contains the phase information, which plays a significant role
in determining the way a pulse propagates. The second term refers to the fiber loss
that will be explained in the section below. The term containing the second derivative
with respect to time illustrates the effect of chromatic dispersion, which will cause
pulse broadening and the fourth term describes the nonlinear effect which acts to

broaden the pulse spectrally.

221 Absorption

Absorption is an important fiber parameter, which measures power loss be-

tween input and output. Given the initial power P, launched at the input of a fiber of

length L , the transmitted power can be written as:

P(L) = Rexp(-aL) Eq. 12

where o denotes the attenuation constant, corresponding to a measured coefficient of
total fiber loss. Alternatively, the absorption coefficient can be expressed in a decibel

unit (dB.km™) using the relation:

E|og —P(PL) =4.323¢ Eq.13

0

Ogg =~

Fused silica fiber has a transmission over a broadband wavelength range, cov-
ering from the ultraviolet absorption edge at 200 nm to an infrared edge at 2500 nm

(low attenuation in the range of 500 nm to 2000 nm). For much of the transmission
1

window, losses are dominated by Rayleigh scattering (x—; ), intrinsic material ab-
A

sorption and impurities.
2.2.2 Dispersion

The interaction between an electromagnetic wave and the bound electrons of
a dielectric during the propagation in an optical fiber depends on the frequency of the
wave. This gives rise to chromatic dispersion, a phenomenon for which the phase ve-

locity of a wave is dependent on its frequency components. Dispersion causes pulse

14
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broadening due to the different phase velocities of the frequency components and if

given by:

_C
" n(w)

Eq. 14

w
Up ?

The phase velocity of the propagation wave is v, and n is the refractive index of the

tiber. For a single mode fiber, the dispersion of a dielectric waveguide mode consists
of the material and waveguide dispersion. Material dispersion originates from the fre-
quency-dependent response of a material to incident electromagnetic waves. This can
lead to undesired chromatic aberration in an optical component and the separation of
different wavelength in a dispersive device. Meanwhile, the waveguide dispersion is
related to the geometry of the fiber and occurs due to the propagation of the funda-
mental mode in both the core and cladding region of a single mode fiber. Given that
the mode field distribution is strongly frequency-dependent, the effective mode index

varies as a function of the wavelength (frequency).

These effects can be treated separately, when the refractive index difference
between the core and the cladding is small [64]. Although it has been shown that the

expression is given by:

D=D,+D, Eq. 15
where D, and D, denote the material and waveguide dispersion respectively. This

expression is not quite correct [65] and it is an approximation that is valid in conven-
tional fibers due to the small contribution from waveguide dispersion to the total dis-
persion of the fundamental mode (LPon). Even a significant percentage error in the

waveguide dispersion has little influence.

Mathematically, the effect of dispersion on pulses can be expressed by a Taylor

series expansion of the mode propagation constant # about a central frequency a, :

ﬂ(w):kon(m)ziw Eq. 16

wr m!
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where

ﬁ(m){%(mw)] and m=0,1,2,... Eq. 17
do ey

The first order parameter f, is related to the group delay v, given by:

1
B=— Eq. 18

Yq

where v, describes the overall velocity of the pulse envelope and is inversely propor-

tional to the group index, v, = ni . Higher order dispersion parameters (e.g. f, ) be-
9

come particularly significant around the zero-dispersion wavelength ZDW, where the
group velocity dispersion GVD is very small. In this case; the dispersion effect is dom-

inated by S, , which leads to asymmetric broadening and distortion of ultrashort

pulses.
2.2.3 Nonlinear effects

As light beam propagates inside the core of the optical fiber, the intense peak
power modifies the refractive index of the fiber material and leads to nonlinear effects.
This material response can be represented by an expansion of the induced polarization,

which depends on the intensity of the electric field and the dielectric susceptibility y:

P=4YE+ #PEE + »®EEE Eq.19

where #" is the nth order of susceptibility at optical frequencies. When the applied
electric field is significantly weaker than the internal electric field of the dielectric ma-

terial, the induced electric polarization consists predominantly of the linear suscepti-

bility #'* and as such, results in a linear response within the material. The effects of

7'V give rise to the refractive index n(Re[ ;((1)}) and the attenuation coefficient

o ( Im [ Z(l)]) . When the intensity of the applied electric field is comparable to the in-

ternal one, the higher order nonlinear terms become significant and need to be taken
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into consideration. The higher order susceptibilities (N > 2) are tensors of n+1 rank and
are responsible for a variety of nonlinear effects, namely, second harmonic generation
and sum frequency generation. It is noted that in isotropic materials y'*) is zero under
the dipole approximation, therefore in materials like silica fiber, graphene, carbon
nanotubes, it is neglected. Consequently, the dominant nonlinear effects in such mate-
rials are related to y'* . Typically, #'* is responsible for phenomena including third

harmonic generation THG, nonlinear refraction and four-wave mixing FWM. Its con-
tributions originated from the electric response of the atoms, the vibrational response
of the molecules, thermal effects and electrostriction effects [66]. For optical fibers, the
nonlinear processes involving THG and FWM are not efficient unless steps are taken
to ensure phase matching. Therefore, most nonlinear effects in fibers originate from
nonlinear refraction, referring to the intensity dependence of the refractive index. The
total index n is intensity dependent and can be expressed using nonlinear refractive

index n, and intensity | , given by:

n(o,1)=ny(@)+n,l Eq. 20

nZ:%Re[z(ﬂ Eq. 21

where ny(w) is the linear refractive index of the material. The nonlinear refractive in-
dex gives rise to self-phase modulation SPM and cross-phase modulation XPM. The

imaginary part Im| 7**) | gives rise to two-photon absorption.

Self-phase modulation SPM

Self-phase modulation leads to the spectral broadening of optical pulses dur-
ing propagation. For fibers, this process is related to two length scales, nonlinear length

Ly, providing the length scale over which nonlinear effects become significant, and
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effective length L, which is shorter than the fiber length as it takes fiber loss into ac-

count. These quantities are defined as:

1
L, =— Eqg. 22
NL 7/P0 q
1-exp(—cL
Leﬁ:% Eq. 23

where P is the incident peak power and « is the fiber absorption coefficient. y is the

nonlinear parameter defined as:

Y= n,@, Eq. 24
C Ay
where n, is the nonlinear refractive index, @, is the frequency, c is the speed of light

in vacuum and A, is the effective mode area of the fiber.

For a time-scale normalized to the input width T, expressed by:
T=— Eq. 25
T, q

we have a normalized U suchas A(z,7)= \/EO exp (%xz U(z,7z )) . If we ignore the dis-

persive effects in the master equation Eq.12, we can describe A(z,t)=A(0,t)exp(id, )

where ¢, is expressed by:

Leff
I‘NL
where U(0,T) refers to the field amplitude before being launched into the fiber and T

Eq. 26

S (LT)=U(OT)

z
is the normalized time expressed by T =t—— where z is the distance along the prop-
v

9
agation direction in time. Consequently, the maximum phase shift ¢,,, occurs when T

is equal to zero. If U is normalized and centered to zero such that |U (0,0 )| =1 then:
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L
¢max = Leff = yR)Leﬁ Eq 27

NL
which can be reduced to ¢, =yPL if aL <1 . This results in a temporally varying

phase, which in turn causes the variation of optical frequency with time. The time-
dependent phase change caused by SPM is associated with a modification of the opti-
cal spectrum. This modification is related to the initial pulse shape and chirp [67]. If
the pulse is initially up chirped, SPM leads to spectral broadening whereas spectral
compression will occur if the initial pulse is down chirped. In a special case of optical
pulses propagating in anomalous dispersion, the chirp from SPM can be balanced by

dispersion and this leads to the formation of solitons.

Stimulated Raman scattering

Stimulated Raman scattering SRS is an inelastic scattering process of photons
from vibrations and density variations of silica. This process occurs when a photon of

frequency w, is downshifted or upshifted to a frequency o, following by the creation

of a phonon at the appropriate energy and momentum to conserve the energy when
propagating through a medium. Such frequency shifted radiation is known as Stokes
and anti-Stokes wave respectively [63]. SRS is an important nonlinear process in opti-
cal fibers due to the waveguide nature of optical fibers that ensures a high-power den-
sity maintained over hundreds of meters. Also, given that silica is amorphous, there

are many available vibrational states, which lead to a very broad Raman gain.

Stimulated Brillouin scattering

Stimulated Brillouin scattering SBS is comparable to SRS. It can be explained
by considering the formation of an acoustic wave in the fiber, generated by the electric
tield of the pump and forming a pressure wave in the material through electrostriction
[68]. The acoustic wave modulates the refractive index of the fiber, setting up the con-

ditions for Bragg reflection, which scatters and reflects the light. This corresponds to a
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downshifted frequency due to the Doppler shift associated with the travelling acoustic

wave. In the case of SBS, the Stokes waves propagates in the backward direction.
Cross-phase modulation

Cross-phase modulation XPM describes the interaction between two co-prop-
agating optical fields through a nonlinear medium without involving any energy
transfer. This process relies on the intensity of not only one beam but also on the in-

tensity of any co-propagating beams. It is always accompanied by SPM.

A parameter known as the walk-off length is commonly used in the discussion

of XPM process:
T
Lot = q Eq. 28
where 7 is the initial pulse width and d is given by:
dg=ta"% Eq. 29

Uy
The terms v, and v, correspond to the group velocity at 4, and 4, respectively. XPM

promotes a variety of spectral and temporal effects depending on the group velocity

mismatch between the two pulses and the dispersion length given by:

2
T

L, =— Eqg. 30
° 18] d

where p, is the group velocity parameter. Considering an optical fiber of length L ,

the co-propagating process, involving nonlinearity and dispersion, can be discussed

in different conditions:

o If LxL,, s L<L, thenXPM is insignificant.
o If Lo <L, LKLy then the spectrum is broadened asymmetrically while

the pulse shape is maintained.

o IfL,,..s <L, L, <L thenboth the spectrum and pulse shape are altered.
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Modulation instability

Modulation instability MI is a feature of optical signal propagation in a non-
linear anomalous dispersive medium. The process can be understood with the formal-
ism of FWM [69]. It originates from a non-stable solution to the NLSE under perturba-
tion in the anomalous dispersion region and manifests itself as amplification of noise
fluctuations of a continuous wave CW or quasi-CW field, with frequencies in the par-
ametric gain sidebands and thus these fluctuations experience gain [70]. Solitons form
because of being trapped in this process, therefore ultrashort pulses with peak power

orders of magnitude higher than the initial pump source are generated.
2.3  The fundamentals of mode-locking

The development of rare-earth fibers led to the tremendous growth and ad-
vent of fiber amplifiers, which have revolutionized the design of optical fiber commu-
nication systems. In addition, these amplifiers can be converted into fiber lasers by
placing them inside a fiber cavity designed to provide optical feedback. Such lasers
can be made to produce optical pulses of extreme ultrashort duration and are called

mode-locked fiber lasers.

Mode-locked lasers are an extremely useful type of laser. The usefulness of
such systems, while perhaps not obvious at first, is immense. Application of these la-
sers range from industrial micro-machining all the way to facilitating the most precise
frequency measurements ever made. Based on the many proposals for innovative tech-
nologies that utilize mode-locked lasers, they will be an invaluable tool for future tech-

nologies.
2.3.1 Introduction to mode-locked fiber lasers

Passively mode-locked fiber laser sources have been extensively developed in
recent years across a broad range of applications requiring ultrashort pulses, such as
micromachining, telecommunications, and medicine, because of their compactness,

simplicity, and low-cost. The history of the fiber laser can be traced back to 1961 when
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Snitzer used a 300 pm-core-diameter Nd-doped fiber in a laser cavity to initiate laser
action [14]. A few years later, with the aim of power-scaling, the fiber amplifier was
proposed and reported by Koester et al., where 47 dB gain was achieved through a 1-
m long angle cleaved Nd-doped glass fiber [15]. The major problems, which limited
the development of fiber based sources in that period were high fiber loss and the
limited availability of pump diodes. Several years later, researchers at Corning re-
ported the low-loss single-mode fiber waveguide, which was very close to the intrinsic
material scattering loss limit [71]. The improvement of fiber loss benefited the fabrica-
tion of gain fiber. In 1973, Stone et al. utilized a low-loss silica fiber doped with a com-
pound of Nd20O3 and Al,O3 and the core was end-pumped by a diode [72]. This exper-
iment supported the potential development of low-loss, high-efficiency fiber lasers.
Substantial improvements were made to overcome the loss issue due to the growing
interest of using fibers for telecommunications. Researchers at Bell labs successfully
reduced the fiber loss to as low as 0.2 dB.km™ in 1974 [61]. Later, Er-doped fiber am-
plifiers were developed with the advantage that their operation wavelength at 1.55 pym

minimizes the losses, which is necessary for communications [73].

Mode-locking is an effective technique to produce ultrashort pulses and has
been extensively used in lasers systems, with the first demonstration [11] just four
years after the development of the laser. Figure 2:3 shows the formation of a pulse

train, which is due to the constructive interference between oscillating modes.
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Figure 2:3. The formation of a pulse train resulting from constructive interference between oscillating
waves: a) Arbitrary temporal intensities for 1, 3 and 5 modes, b) fixed phase relationship for a pulse
train and random phase for a CW signal.
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The simultaneous oscillation of a series of highly coherent, phase-locked lon-
gitudinal modes of a resonator which periodically emits ultrashort pulses with the en-
tire energy of the light field. Pulse durations of less than 10 fs can be generated directly
from a Ti: Sapphire laser. A 2.6 fs pulse was reported by Yamashita et al. [74], through
the compression of an ultrabroadband white-light continuum using both induced-

phase modulation and self-phase modulation in an Ar-gas-filled hollow fiber.
2.3.2 Pulsed regimes

While the shortest pulses have been generated by a continuous-wave CW
mode-locked laser, there are other pulsating regimes: gain switched, Q-switched, and
mode-locked pulses. We will start by briefly discussing the definition of the different

regimes.

Gain switching

Gain switching is a direct method to generate pulses by modulating the laser gain via
the pump power. In this approach, a high pump power is applied to a laser. If the gain
coefficient exceeds the loss coefficient, optical pulses are produced. The pulse duration
obtained can be shorter than the pump pulse and the higher the pump pulse energy,
the shorter the pulse build-up time or the required pump pulse duration. This tech-
nique has been widely exploited in pulsed semiconductor lasers as it is easy to modu-

late the electric current used for pumping.

Q-switching

Q-switching is a technique used extensively with optically pumped solid-state lasers.
In this scheme, the emission of pulses is achieved by decreasing the resonator loss pe-
riodically with the use of an intra-cavity modulator. Therefore, the Q-switching
scheme can be explained as a loss switching. This technique is based on storing energy
in the atoms in the form of an accumulated population inversion during the off-times.

Subsequently, during the on-times, the stored energy is released, and intense pulses
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are generated. A Q-switched laser normally produces high average output power at
tens or hundreds of kilohertz repetition rate and the pulse duration is usually in the

microsecond scale.

Mode-locking

Ultrashort pulses are in most cases produced by mode-locked lasers. A mode-locked
cavity contains either an active device or a non- linear passive element, producing a
loss or phase modulation to help the formation of the pulse circulating within the cav-
ity. Differing from the previous two regimes, this method is obtained by coupling the
longitudinal modes of a laser and locking their phases to each other. In the time do-

main, the output of a mode-locked laser is a train consisting of short pulses with a
. . C . . . C . .
fixed separation AT = E for a ring configuration, and AT = Z for a linear configura-

tion where L is the optical length of the resonator. The repetition rate of mode-locked
pulses is the reciprocal of the round-trip time. The pulse duration is much shorter than
the cavity round-trip time and depends on the factors including the gain bandwidth,
modulation depth of the modulator, and the bandwidth limited element, such as a

bandpass filter.

The incorporation of a saturable absorber into a laser can achieve mode-lock-
ing. Typically, in a solid-state cavity, this introduces a Q-switching tendency that can

drive the laser into the regime of Q-switched mode-locking as shown in Figure 2:4(a).
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Figure 2:4. Mode-locked pulse trace in the time domain, (a) Q-switched mode-locking and (b) CW
mode-locking.
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The output pulses are generated underneath a Q-switched envelope, leading to a large
oscillation of pulse energy. These instabilities are unwanted for many applications,
implying the strong fluctuation of parameters and showing that pulse parameters do
not reach a steady state. These drawbacks can be overcome through several methods:
using a small mode area fiber; incorporate an electronic feedback to build up the sta-
bility of the resonator; reducing the loss or increase the intra-cavity power; optimizing

the modulator e.g. saturable absorbers.

The theory of stability limits for ultrashort pulses in a solid-state laser was de-
veloped by Kirtner [75] and subsequently extended by Honninger [76], deriving a cri-
terion for the minimum intra-cavity pulse energy, which is required for obtaining sta-
ble CW mode-locking shown in Figure 2:4.(b), a regime preferable for many applica-

tions where a constant pulse energy and high repetition rate is required:

E? > E,,EuadR Eq. 31

sat,g —sat,a

where E, is the intra-cavity pulse energy, E_, , is the saturation energy of the gain

sat,g

medium, E , is the saturation energy of the absorber and 4R is the modulation

sata
depth. Although it is necessary to include the interplay of dispersion and nonlinearity,
gain filtering, and effects caused by the saturable absorber, this expression describes a
qualitative understanding of the dynamics. The threshold of CW mode-locking can be
reduced by decreasing the saturation energy and modulation depth of the saturable
absorber, which can be achieved by careful design. However, this optimization is a
tradeoff: a small modulation depth will lead to the reduction of self-starting perfor-
mance, particularly in fiber lasers, where a relatively large modulation depth is re-
quired due to the strong gain efficiency, significant nonlinearity and dispersion. The
discussion of mode-locked fiber lasers with saturable absorber SA is outlined in the

following section.
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2.3.3 Techniques of mode-locking

The methods of mode-locking can be divided into two categories: active mode-
locking, where the mode-locking element is driven by an external modulator; and pas-
sive mode-locking, where the element which induces mode-locking exploits a nonlin-

ear optical effect.

Active mode-locking

Active mode-locking will not be discussed in this thesis beyond a brief de-
scription of the basic mechanism. This technique was first investigated by Kuizenga
and Siegman [77] using a Gaussian pulse analysis. Active mode-locking can be imple-
mented using: an amplitude modulator AM, a phase modulator PM, or synchronous
pumping - a periodic modulation of the laser gain at a repetition rate equal to the
round-trip frequency. AM and PM are typically used for short pulse generation (< 1ps)
rather than mode-locking by synchronous pumping, which generally is applied to ac-
tive media with nanosecond relaxation time. The principle of active mode-locking is

presented in Figure 2:5.
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Figure 2:5. Diagram of active mode-locking process.

This technique involves the periodic modulation of the resonator loss or of the
round-trip phase change. The pulse is selected through a periodic loss modulation
process, as it can pass through only at the loss minima. Therefore, the intra-cavity field
is modulated at the same frequency of the repetition rate of the modulator. The pulse

width in the order of picoseconds. In fact, the attenuation of the wings effectively leads
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to pulse shortening at each round trip, while due to other processes such as gain nar-

rowing, it tends to broaden.

An analytical solution can be approached based on the master equation [78] .

The modulation strength M, corresponding to the curvature of the loss modulation in

the time domain at the minimum loss point can be written as [22]:

2
:Ma)M

I\/IS
2

Eq. 32
where M is the maximum amplitude of the loss profile and ®,, is the modulation

s 2
frequency that must be tuned to the resonator round-trip time such as w,, = T—ﬂ . The
R

pulse width based on the Kuizenga-Siegman theory, is the fourth root of the ratio be-

tween gain dispersion D, and modulator strength M, given by:

s__ 29

7T =—
2 2
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Eq. 33

where g and 2, represent the saturated single-pass gain and gain bandwidth respec-

tively. The achievable pulse width is inversely proportional to the fourth root of the
curvature in the loss modulation and is limited by the speed of the external signal

generators.

Passive mode-locking

The shortest pulses reported to date have been generated using passive mode-
locking techniques based on saturable absorbers. There are several types of saturable
absorbers currently used in laser technology. They can be generally classified into two

categories: artificial and real SAs as shown in Figure 2:6.
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Figure 2:6. Types of saturable absorbers for ultrafast lasers.

The term “artificial SA” refers to a mode-locking technique, where a power dependent
nonlinear optical effect acts as a saturable absorber. Among those techniques, the most
important include nonlinear polarization rotation NPR, nonlinear loop mirrors NOLM
or nonlinear amplifying loop mirror NALM, and Kerr-lens mode locking KLM.
Among real saturable absorbers we can distinguish two groups: semiconductor satu-
rable absorber mirrors SESAMs and nanomaterials. The SESAMs are currently one of
the most widely used saturable absorbers in solid-state and fiber lasers, also in com-
mercially available industrial systems. They are based on a well-established technology
developed for more than 20 years [79]. However, SESAMs have some limitations. The
technology is based on semiconductors (e.g., InGaAs/GaAs quantum wells), which
are characterized by an energy band gap. Consequently, this results in a limited wave-
length operation range. Thus, each SESAM needs to be designed strictly for a specific
laser operating at a certain wavelength. Fabrication of the SESAM also involves expen-
sive and complicated molecular beam epitaxy MBE technology [80] . All those limita-
tions have driven the laser community to seek for alternative, new saturable absorber
materials. The field of nanomaterial-based SAs emerged in recent years to one of the
most important branches of ultrafast laser technology. This new era started in 2003 as

Set et al. [81] demonstrated the first carbon nanotube CNT mode-locked fiber laser.
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Few years later, in 2009, the first lasers utilizing graphene were reported [82], [83]. Start-
ing from this date, the number of papers and reports on fiber lasers mode-locked with
graphene and other 2D materials: topological insulators, transition metal dichalcogeni-

des, and recently black phosphorus, grew rapidly.

Saturable absorption is a nonparametric nonlinear optical process, which oc-
curs in many materials under excitation with high-power light beam. In general, the
optical transmittance of a saturable absorber is power dependent in a way that it in-
troduces larger losses for low-intensity light. After illumination with high-intensity
light, the absorption saturates, and the SA becomes more transparent. The mechanism
can be described as a self-amplitude modulation introduced by saturable absorber de-
vice to the laser radiation. Low-intensity wings experience more loss than the high
intensity peaks. Mode-locking starts from noise fluctuations. After circulating in the
laser cavity, preferentially amplified noise spikes become strong enough to saturate
the gain level and reduce the loss in the saturable absorber, reaching a steady state and
as such a stable pulse train is formed. This saturation process in absorbers can also be
explained from an energy perspective, based on carrier dynamics. When absorbing
sufficient light, carriers from the valence band are excited to the conduction band. In
the strong excitation, the absorption is saturated as the initial states of the pump are
depleted and the final states are partially occupied. Figure 2:7 shows the two time-
scales in this regime: a short time-scale, intra-band thermalization (on the order of hun-
dreds of femtoseconds to a few picoseconds) and a long-time scale, inter-band recom-

bination (on the order of a few picoseconds to nanoseconds).
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Figure 2:7. Parameters in the absorption process to achieve mode-locking.
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The contributions of the short time-scale include: a coherent regime with a duration of
10-50 fs, depending on conditions and materials, a 60-100 fs time-scale of carrier-carrier
scattering setting in and leading to the destruction of coherence and thermalization of
the electron and hole gas, and a 300 fs-1 ps interaction between carrier gas and the
lattice, all of which results in the partial recovery of the absorption. The time-scale, also

known as the lifetime, is dependent on the nature of material.

24  Chapter summary

In this chapter, the basic principles of optical fiber have been reviewed. It was
followed by a brief discussion of linear and nonlinear effects experienced by light
while propagating in optical fiber including fiber losses, dispersion and nonlinearities.
Furthermore, the mechanism of mode-locking has been examined, including a presen-

tation of different pulsating regimes, mode-locking methods and operational regimes.

The management of the interplay of cavity dispersion, nonlinearity and band-
width-filtering effect has permitted the development of lasers with distinct types of
ultrashort pulse shape. To better understand the dynamics of high power mode-locked

lasers, different regimes will be discussed in the following chapters.
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Chapter 3 External injection effects in
mode-locked lasers: a study of stability

In the last decades, optical injection was first investigated in gas and solid state
lasers [84]-[87]. The early studies were devoted to injection locking [88]-[90] for its
various applications such as frequency stabilization [90], [91], linewidth narrowing
and chirp reduction [92], [93], polarization control [94], coherence enhancement of

broad area lasers [95] and laser arrays [96]. Later, the interest was directed towards

fiber lasers [47]-[49].

In this chapter, we investigate experimentally the influence of an injected con-
tinuous external optical laser on the stability of a passive harmonic mode-locked fiber
laser operating in the anomalous dispersion regime. Under specific conditions, the
continuous-wave significantly increases the stability of the harmonic mode-locked re-

gime. This occurs for a discrete set of wavelengths and below a critical injected power.
3.1  Brief introduction to external injection

Passive mode locking in fiber lasers has been studied for its various interests
at both fundamental and applied levels in the generation of ultrashort pulses. This
process can be obtained by either the addition in the cavity of a real saturable absorber
such as graphene, topological insulator [34], [36] or by means of artificial techniques
like nonlinear amplified loop mirror, nonlinear polarization evolution mechanism
[32]. Under certain conditions, due to the energy quantization [97], the configurations
using these saturable absorbers tend to exhibit multiple pulse formation in the anom-
alous dispersion regime [98]. The resulting temporal pulse distribution is the conse-
quence of soliton interaction dynamics inside the cavity that can exhibit various soli-
tons patterns such as bound states, soliton bunches in the case of soliton attraction or

harmonic mode locking when a long range repulsive interaction occurs [32].

Passive harmonic mode-locking (HML) can have a wide range of repetition

rate starting from a few MHz to some GHz depending on the technique used. It has
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been reported a Yb-doped fiber laser with a 2 GHz repetition rate and a supermode
suppression level (SSL) of about 45 dB [99]. While using an erbium doped double clad
tiber laser, passive harmonic mode locking operating at the 322"d harmonic with a rep-
etition rate up to 3 GHz and a supermode suppression better than 25dB has been
demonstrated [43]. Sobon et al. [100] reported a 10 GHz repetition rate passive har-
monic mode locked fiber laser using co-doped Er:Yb fibers, with a supermode sup-
pression level of 16 dB. It has also been shown that in harmonic mode locking, har-
monics can be tuned with a span ranging from the 6t to 928t and a repetition rate
from 153 MHz to 22.2 GHz [101] with an interesting SSL of 41 dB. Different factors that
might lead to this specific soliton distribution in the cavity remain uncertain. It was
theoretically demonstrated that a continuous-wave component in the optical spectrum
acts as an efficient agent to manage the interaction between neighboring pulses [41].
More recently it has been shown both theoretically [47], [49], [102] and experimentally
[103] that a small external continuous-wave component can control the nature of the
interaction between the soliton in the cavity. Even though the problem of optical injec-
tion in CW regime is quite old [104], many properties concerning its dynamical behav-
iors are still far from being well understood. Optical injection has been widely studied
in the framework of semiconductor lasers, mainly for the important mechanism of in-
jection locking in which ideally the spectral purity of a low power master laser is trans-
ferred to a high-power slave laser [105]. Although most of the studies were dedicated
to continuous-wave injection, the case of a passively mode-locked laser has been also
investigated with the objective of locking the injected laser on the external one [106].
There are very few papers concerning the injection of a continuous-wave laser on a
passively mode-locked laser. In [107], [108] it was reported that a quantum dot pas-
sively mode-locked laser submitted to a continuous-wave injection could be efficiently
stabilized. It has been reported independently that a low power external continuous-
wave does not have a major impact on the stability of the harmonic mode locking dis-
tribution, thus highlighting the robustness of an initial state HML against the external
injection [101]. To give additional physical insight to this problem, we have decided to

conduct several series of experiments of a passively mode-locked fiber laser operating
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in HML regime and subjected to external injection of a continuous-wave laser with

variable wavelength and power.

3.2  Fiber ring cavity schematic with an auxiliary laser setup

The experimental setup is shown in Figure 3:1. It is based on an all-fiber unidirectional
ring cavity exploiting the nonlinear polarization evolution technique to achieve mode-

locking.
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Figure 3:1 Experimental setup of the fiber ring laser using the nonlinear polarization rotation

We use a C-band double clad V-groove Er:Yb 10W fiber amplifier from
Keopsys. It consists of 5 m long double-clad fiber DCF that has second order dispersion

of 77 =-0.021 ps?>m™ . The geometry of the inner clad has an octagonal shape. The

diameter of the inner clad is 130 pm which allows a high coupling efficiency of the
multimode pump waves into the fiber and the fiber core diameter is 12 um. It is
pumped at 980 nm with several laser diodes injected with the v-groove technique. The
maximum achievable output power in continuous lasing operation is 10 W, ensured
by the 40 W pumping power. A piece of dispersion-shifted fiber B, =0.14 ps?’m™ is
added to control the total cavity dispersion. To ensure soliton regime together with
multiple-pulse mode locking, the cavity is designed so that the total dispersion is in

the anomalous regime with S =-0.288 ps®>.m™ .The total cavity length is approxi-

mately 38 m, including 30 m of standard single mode fiber SMF with a
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SMF =-0.022 ps>m™, corresponding to a round-trip time of 190 ns and a free spectral

range of 5.26 MHz Polarization controllers PC are used with a polarization sensitive
isolator to control the nonlinear losses of the cavity thus the operating regime of the
laser. A polarization-insensitive isolator PI-ISO is employed to force unidirectional op-
eration of the cavity. A 10 % output coupler is used to extract the power from the cav-
ity. The 10 W amplifier requires a threshold signal on the input to turn it on which is
a security requirement for protecting the internal electronic circuitry. The external op-
tical signal used for this purpose is delivered by a homemade continuous-wave tuna-
ble fiber laser with a linewidth of 1 nm and 1.2 W maximum output power [109]. It is
directly injected in the cavity through a 3-dB fiber coupler. When the principal laser is
launched, we turn off the auxiliary CW laser to avoid any coupling between both la-

Sers.

The output intensity is measured using a high-speed photodetector (TIA-1200)
and visualized with a fast oscilloscope (Tektronix TDS 6124C, 12 GHz, 40 GS. s1). The
spectral properties are analyzed with an optical spectrum analyzer (Anritsu MS 9710C)
and the pulse duration is measured with an optical autocorrelator with a scanning
range of £100 ps (Femtochrome FR-103 XL). An electronic spectrum analyzer (Rohde
& Schwarz FSP Spectrum Analyzer 9 kHz to 13.6 GHz) is used to characterize the radio

frequency spectrum of the laser.

To turn on the main 10 W amplifier, it is required to have 17 dBm on the input,
therefore we switch on the external laser and set it using these requirements. The main
concept of this experiment is to analyze the influence of the externally injected signal
delivered by the auxiliary CW laser on the behavior of the mode-locked cavity. Thus,
we fix the pumping power of the auxiliary laser to provide 200 mW of output power,

and we turn it off when the 17 dBm are achieved.

As the pump power is increased and while the polarization controllers within

the cavity are finely adjusted, temporal splitting of optical pulses is observed due to

34



Chapter 3: External injection effects in mode-locked lasers: a study of stability

the soliton energy quantization effect [50]. Then a stable harmonic mode-locked distri-
bution of solitons is achieved. Figure 3:2 shows the measured oscilloscope trace of the

output pulses.
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Figure 3:2. Temporal trace of the harmonic mode lock distribution. The inset shows the equally-spaced
solitons.
The measured optical spectrum is depicted in Figure 3:3. It exhibits a sponta-
neous continuous-wave component at about 1562 nm with a magnitude of -9.6 dBm
which has been identified as a main characteristic in harmonic mode lock regime [41].

The central wavelength is measured to be 1565 nm with a Full Width at Half maximum

FWHM (-3dB) of 4.47 nm.
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Figure 3:3. Optical spectrum trace of the free running harmonic mode lock laser

The spectrum contains several Kelly’s sidebands which is a characteristic of the mode-
locked distributions in the anomalous dispersion regime [110]. Figure 3:4 exhibits the
measured autocorrelation trace of the optical pulses where their temporal width is es-
timated to be ~1.4 ps after deconvolution using a hyperbolic secant fitting curve. Con-
sidering the 3-dB bandwidth of 4.47 nm, the estimated time-bandwidth product is
~0.77 which is larger than that of transform-limited sech? pulses. This indicates that

the output pulses are chirped.
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Figure 3:4. Autocorrelation trace of the generated harmonic mode lock distribution.
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The measured RF spectrum of the output pulses is shown in Figure 3:5. A
strong signal peak at 1.76 GHz is clearly observed and the signal to noise ratio SNR is
measured to be around 20 dB over an 8 GHz frequency span. Compared to the funda-

mental cavity frequency, this results in the generation of the 334th harmonic.
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Figure 3:5. RF spectrum of the harmonic mode lock distribution with a resolution of 100 kHz.

3.3  Influence of an external laser injection on mode-locked stability

To investigate the influence of the external optical signal on the mode-locked
harmonic distribution, we turn on the auxiliary laser and with the spectral filter we
can shift the wavelength from 1530 nm to 1580nm. Under the influence of the external
CW, the interaction between the solitons inside the cavity is affected, which can force
the laser to operate in different regimes as it has been experimentally demonstrated
before [103]. In our quest to find new optical distributions by starting from a well-
defined initial regime, we observed that under precise circumstances, the injected laser
influenced the stability of the harmonic mode lock distribution. In fact, the more the
external signal shifted towards long wavelengths the higher the supermode suppres-
sion ratio became. To present the results, we will show the temporal trace, optical spec-
trum, RF spectrum and autocorrelation trace under each case of injection, keeping in
mind that, except when clearly mentioned, neither the injected input power nor the

mechanism of harmonic mode locking are modified.
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3.3.1 External injection with A =1545 nm

Based on the obtained harmonic distribution, we inject the external CW signal
into the optical spectrum of the main cavity starting from the short wavelengths. We
set the external CW signal at A = 1530 nm with an average output power of 75 mW,
then we tune slowly towards the longer wavelengths. Between A = 1530 nm and A =
1545 nm, there is no significant effect on the output distribution. When the external
signal reaches 1545 nm, we do not notice a modification of the oscillator distribution’s
nature as naturally expected [47], [111], [112], instead the external CW improves the
SNR of the output pulses. The optical spectrum depicted in Figure 3:6 validates the
presence of the injected signal around 1545 nm. The internal continuous-wave compo-
nent and the sidebands are still present in the spectrum, the center is at 1565 nm and
the spectral width at FWHM is A\ = 3.71 nm, which is narrower than without the in-
jection. We can note that the amplitude of the external continuous-wave (-12.8 dBm)

remains below the one of the internal continuous-wave component (-9.6 dBm).
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Figure 3:6. Optical spectrum of the HML laser with an injected A =1545 nm.

As mentioned earlier, we can see the impact of the injected external continu-
ous-wave clearly visible in the RF spectrum of Figure 3:7 which confirms the improve-

ment of the SNR level. We have a fundamental harmonic frequency around 1.76 GHz
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with a SSL of 25 dB. The pulse duration remains almost the same about ~1.4 ps. We

also notice an increase in the intensity of the autocorrelation trace.
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Figure 3:7. RF spectrum trace of the HML with an injected A =1545 nm.

3.3.2 External injection with A = 1548 nm

We continue shifting the wavelength of the external signal till we reach 1548
nm. We notice that between A = 1545 nm and A = 1548 nm we lose the harmonic mode
locking distribution which gives place to a random distribution of solitons. This is in
total agreement with previous studies [47], [111], [112] where it has been demonstrated
that the external CW signal modifies significantly the nature of interaction and breaks

the bonds between the solitons.

Based on the optical spectrum in Figure 3:8, the central wavelength is still at

1565 nm and spectral width at FWHM remains unmodified with A\ = 3.71 nm.
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Figure 3:8. Optical spectrum trace of the HML laser with an injected A=1548 nm.

As it has been measured before, the pulse duration is almost the same about
~1.4 ps and we still have the same number of solitons in the cavity. Moreover, the
optical spectrum shows that there is no significant change on the amplitudes of the
internal and injected continuous-wave components. Meanwhile, the RF spectrum in
Figure 3:9 exhibits a drastic improvement of the SNR level. We have a fundamental
harmonic around 1.76 GHz with SNR of 32 dB, significantly higher than that without

injection.
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Figure 3:9. RF spectrum trace of the HML with an injected A =1548 nm
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3.3.3 External injection with A = 1549 nm

When we move closer to the first side band, the optical spectrum shown in
Figure 3:10 shrinks in width and amplitude. We note the central wavelength at 1565
nm and the spectral width at FWHM is A\ = 3.29 nm.
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Figure 3:10. Optical spectrum trace of the HML laser with an injected A=1549 nm.

This behavior occurs typically because the amplification of the external CW
signal becomes more important when we are close to the center of the optical spec-
trum. Such amplification leads to a comparable magnitude of the internal continuous-
wave component and the injected signal, of about -6 dBm. The pulse duration is almost
stable about 1.4 ps which means we are still in the same soliton distribution as before

and we notice a decrease in the intensity of the autocorrelation trace.

The RF spectrum in Figure 3:11 shows a big loss of stability compared to the
previous cases. We have a fundamental harmonic around 1.76 GHz with an SNR level
of 18 dB. Hypothetically, this behavior is rather expected since the amplitude of the
external continuous-wave component is nearly equal or superior to the internal con-
tinuous-wave component, which leads to a strong laser perturbation and the HML

regime is lost.
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Figure 3:11. RF spectrum trace of the HML with an injected A =1549 nm

To confirm this hypothesis, we have done several series of experiments. First,
starting from a stable HML regime, we have switched on the external laser with an
initial wavelength out of the spectrum of the principal laser and with a power compa-
rable to the internal continuous-wave component. Once the wavelength approaches
the spectrum of the 10 W laser, there occurs a sudden injection locking phenomenon
characterized by a spectral locking of the 10 W laser on the injected signal. In this case
the laser changes to the continuous-wave operating regime. Such situation corre-
sponds to classical results on injection locking experiments in which a slave oscillator
locks its frequency on a master oscillator [105]. We have noticed that if the power of
the injected signal is then reduced or the wavelength tuned out of the 10 W laser spec-
trum, the initial HML regime is not restored. Starting from the situation of Figure 3:10,
if the wavelength of the external signal is further increased, the HML regime is lost
and the laser operates in another multiple pulsing regime. Then, if the external power
is reduced, the HML regime is not restored unless the wavelength is tuned signifi-
cantly below its initial value and then increased to its initial value. Such behavior is
characteristic of an optical memory since the operating regime depends on the path.
Finally, we have verified that for the initial situation of Figure 3:10, if the injected
power is reduced the SNR increases up to about 23 dB. Hence our experimental results

strongly suggest that the relative magnitudes of the internal and external continuous-
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wave are a key parameter for improving the stability of the HML regime. Therefore,
we can conveniently represent the previous results in a diagram which depicts the
evolution of the SNR as a function of injected wavelength for a fixed injected power.
The results are presented in Figure 3:12 and it demonstrates that the SNR is increased
for a discrete set of external wavelengths and, out of these narrow ranges, the SNR is

significantly reduced till the HML is lost.
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Figure 3:12. Influence of the external injection on the SNR on the HML distribution.

In addition, the SNR level increases when we shift to longer injected wave-
lengths until the amplitude of the external signal becomes nearly equal to the ampli-
tude of the internal continuous-wave component. At this point, there is a sudden de-
crease of the SNR. Consequently, we have two conditions for which the stability is
increased: the level of the injected pulse should be lower than the level of the self-
generated continuous-wave and the wavelength of the injected pulse must belong to

a discrete set of well-defined values.

34  Chapter summary

We have demonstrated in this chapter, an experimental study and analysis

concerning the influence of an externally injected CW signal on an established har-
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monically mode-locked distribution under the mechanism of the nonlinear polariza-
tion rotation. The presented results provide experimental proofs that the stability of

such regime can be significantly improved by implementing an external injection.

From a theoretical point of view, Komarov et al. demonstrated that HML re-
gime can be forced by external continuous optical injection [47]. They reported that the
HML regime could be obtained when the external wavelength was resonant with
Kelly's sidebands. Our experimental results do not address the same problem because
we start directly from a HML regime. However, these results show that some reso-
nance phenomenon occurs for the improvement of the stability of the HML regime.
From this perspective, the experimental results confirm that a resonant effect occurs
although we have not demonstrated that there is a resonance with Kelly's sidebands.

Such point requires specific studies and additional numerical simulations.
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Chapter 4 Pulse duration and energy
scaling in mode-locked fiber lasers

The previous chapter was a continuation of the earlier works concerning the
influence of injection of mode-locked lasers in our lab. The recent theoretical works of
our colleagues motivated us to start experimental trial on high energy pulse genera-
tion. Mode-locked double-clad co-doped fiber lasers capable of producing nanosecond
level pulses with high energy have many advantages for various applications. An in-
crease in the mode-locked pulse’s energy can be achieved by carefully choosing the

cavity parameters.

Dissipative soliton resonance DSR mechanism leading to high energy mode-
locking has been reported in different fiber laser configurations. In this chapter, we
will investigate this phenomenon with double-clad amplifiers in all-fiber laser setups.
Different pulse width and energies can be realized with different parameters of the
laser cavity by exploiting the dissipative soliton resonance mode. Even in the DSR op-
eration, a multi-pulsing can be observed in the form of harmonic generation of square
pulses. Finally, a new type of staircase shaped pulses has been identified based on the

spectral doublet that exists in the DSR region.

4.1  Introduction to dissipative soliton resonance

The pulses forming in the mode-locked fiber lasers frequently take the shape
of a soliton. The shape and energy of a soliton are preserved during the propagation.
The laser is characterized by continuous energy flow, which leads to a strong require-
ment of an additional balance between gain and loss for the soliton formation to occur.
Dispersion spreads the pulse in the time domain, while nonlinearity broadens it in
frequency domain. Thus, to produce stationary state in fiber laser, the balance between
gain and loss, dispersion and nonlinearity is needed. This fact exposes the dissipative

nature of solitons formed in a fiber laser [113]. As a consequence, the energy dissipa-
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tion in the cavity leads to an interaction of solitons and formation of multi-soliton com-
plexes such as bound solitons, bunch of solitons and soliton rains [32], [42], [44], [47],

[114], [115].

Conventionally, the propagation of light in a laser cavity is well explained
by Maxwell’s equations for electromagnetic waves. Since lasers contain various
elements in the cavity, all important physical effects must be considered. There-
fore, the theoretical model must introduce different propagation equations ex-
plaining the complexity of the system and including the response of the saturable
absorber and gain medium. Thus, it is beneficial to start with a master equation that
incorporates all the physical elements that play a role in the mode-locking mecha-
nism [24], [116], [117]. It turns out that the main master equation is a variation of
the more general physical approach, the cubic complex Ginzburg-Landau equa-
tion [118], a universal equation used to describe systems near bifurcations. How-
ever, the inclusion of a quintic saturating term in the Ginzburg-Landau equation
was shown to be essential for the stability of pulsed solutions [119]. From another
point of view, the complex cubic-quintic Ginzburg-Landau equation (CGLE) is
the extension of the nonlinear Schrodinger equation to higher-order and dissipa-
tive terms. The CGLE has been used to describe a wide range of nonlinear optical
systems, such as passively mode-locked lasers with fast saturable absorbers, para-
metric oscillators, wide aperture lasers and nonlinear optical transmission lines

[113]. The normalized form of the CGLE is:
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where the optical field envelope A , t is the retarded time in the frame moving
with the pulse, and z the propagation distance, D is dispersion propagation term
(it can be positive or negative depending on the regime), v applies to a quintic Kerr
effect, 5 ,¢ ,f and u are the coefficients for linear loss (if negative), nonlinear gain
(if positive), spectral filtering and saturation of the nonlinear gain (if negative), re-
spectively. These are the basic physical effects required to build a mode-locked la-

ser, with the expected signs of their contributions as suggested above.

46



Chapter 4: Pulse duration and energy scaling in mode-locked fiber lasers

The CGLE is non-integrable equation in multi-dimensions, which means
that general analytical solutions are not available. Selected analytical solutions can
only be found for specific relations between the equation parameters. The large
and multiple regions of parameter domains of the CGLE in which stable dissipa-
tive solitons can be found is very important as it allows to explore innovative cav-
ity designs.In fact, by managing the dispersion parameters, researchers were more
interested in the net normal dispersion regime. This was stimulated by the disper-
sion-managed fiber laser configurations tested by Haus and co-workers in the mid-
1990s [120]. The mode-locked fiber laser configurations tested in the early 1990s fa-
vored conventional soliton pulse shaping by using predominant anomalous fiber
segments, whereas the stretched-pulse mode-locked fiber laser combined fibers of
opposite dispersion signs, thereby introducing huge intracavity temporal breath-
ing dynamics as soon as there is approximate compensation between anomalous
and normal dispersions. Such circulation of highly stretched pulses with reduced
amplitude allowed researchers to reach pulse energies approaching the nanojoule

range, which is much higher than in all-anomalous-dispersion lasers.

To understand the challenge of producing high-energy pulses from a laser
oscillator, it is important to know that the Kerr nonlinearity combined with the
dispersion generally leads to pulse break-up after the accumulated nonlinear
phase has exceeded a certain level. These effects can be circumvented by employing
significant temporal stretching of the pulse inside the cavity, thus reducing the
peak power while maintaining a large spectral content. This strategy essentially in-

corporates chirped-pulse amplification inside the laser oscillator [121]-[123].

In the last decade, alternative cavity designs for achieving stable stretched-
pulse operation with higher pulse energies has been explored. In 2004, the group led
by F. Wise successfully implemented the self-similar propagation of chirped parabolic
pulses in the passive part of the laser cavity. This achievement led to an increased
pulse-energy performance of nearly 10 nJ per pulse [124]. The implementation of self-
similarity inside a cavity relies on a subtle balance between normal dispersion and

nonlinearity. These parameters, which act together in a passive fiber, must be balanced
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by spectral filtering, nonlinear gain and anomalous dispersion in the laser cavity, thus
performing a precise self-consistent pulse reshaping process. Indeed, the acceptance
of unusually large intracavity gain and losses, through spectral filtering seems to be
the key for entering specific pulse regimes such as self-similarity. Self-similar pulses,
also known as similaritons, are forever-expanding pulses that are completely different
from the solitons. Interestingly, the transition from similariton to soliton dynamics is
performed by a spectral filter, which truncates the pulse in both the spectral and tem-
poral domains. Spectral filtering of a highly chirped pulse has a significant clipping

effect on the temporal pulse wings.

When the cavity dynamics become dominated by the composite balance be-
tween spectral filtering on one side, and nonlinearity, dispersion and gain on the other
side, the tendency of emitting pulses with double-lobe optical spectra is confirmed.
Ytterbium-doped mode-locked fiber lasers employing such designs can produce
pulses with energies above 20 nJ using standard fiber technology [52], [125], [126]. In
these oscillators, the strong dissipative effects per roundtrip are at the heart of pulse
formation and stability. Dissipative solitons are found in all-normal dispersion lasers
and in lasers with anomalous dispersion, revealing dynamics that are unusual to

Schrodinger solitons.

There are currently several trends in the development of high pulse energy
mode-locked fiber laser oscillators. Perhaps the most efficient of these relies on the use
of advanced technology, in which microjoule-level pulse energies have been achieved
by developing large-mode-area gain fibers through microstructuring [127]. Another
trend is to shift mode-locking operation further into the normal dispersion regime,
thereby increasing the pulse chirping effect [121], [128]. To remain compatible with
today’s available pumping powers, such strategies are usually supplemented with an

increased cavity length to reduce the pulse repetition rate.

Recently, an alternative conceptual approach known as dissipative soliton

resonance (DSR) was proposed for increasing the pulse energy [129]-[131]. Found
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initially in the frame of the CGLE master equation, DSR describes dissipative soli-
tons that acquire theoretically infinite energy when the equation parameters ap-
proach a specific hyper-surface in the parameter space. In practice, this implies
that mode-locked laser setups could be designed in which the pulse energy would
increase linearly with the pumping power without suffering pulse break-up,
within a narrow range of laser parameters. Pulses close to DSR share common fea-
tures, such as a clamped peak power and a finite bandwidth. Thus, the boost in en-
ergy causes the duration of the chirped pulse to increase. A similar approach uti-
lizes a trial function to reduce the CGLE dynamics to a master diagram, which al-
lows a scalable pulse energy to be found [132], [133]. A numerical analysis of the
DSR phenomenon in a realistic fiber laser set-up, taking into account gain satura-
tion, provides guidelines for testing the concept experimentally [131], although in

such cases high-order physical effects might flatten the resonance effect.

The experimental verification of the feasibility of generating high energy
mode-locked pulses directly from the laser cavity has been widely investigated. A
common denominator of all the works is the extended length cavities with low
repetition rates and the relatively large value of net cavity dispersion. It has also
been shown that the high nonlinearity plays an important role in widening the
pulse [134]. In the DSR region, the generation of high energy square pulses has
been demonstrated regardless the sign of the dispersion or the mode-locking
mechanism. Thus, DSR square pulses have been documented in long cavities em-
ploying standard monomode amplifiers [134]-[141]. However, due to the limited gain
of purely single-mode active fibers in these configurations, the output pulse energy
tends to be relatively low in the order of few to hundreds of nanojoules. Therefore, the
obvious solution to increase energies of pulses generated in all-fiber lasers would be
to use double-clad doped fibers, offering high gain and efficiency. The first demon-
stration of double-clad Er:Yb laser operating in DSR regime was presented in a F8L

all-fiber configuration yielding 2.12 pJ [142]. It was followed by our contributions us-
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ing a NPR configuration achieving 2.27 pJ [143] and a F8L double amplifier configura-
tion in the DSR region achieving a record 10 pJ energy per pulse [144]. Recently, a

novel Figure-9 fiber laser setup was proposed [145].
4.2  Square-wave pulse (SWP) generation in fiber ring laser setup

The intrinsic feature of DSR mode-locked lasers is the square shape of gener-
ated pulses. Duration of the pulses is linearly tunable with pump power delivered to
the active fiber, while the peak power remains nearly unchanged. Both theoretical and
experimental investigations suggest that parameters of generated pulses should

strongly rely on dispersion of the resonator and typically require large values.

In this section, we will investigate the generation of SWP from a double-clad

Er:YDb fiber laser mode-locked by the NPR mechanism in the DSR region.

4.21 Experimental schematic of a fiber ring oscillator setup

The oscillator setup exhibited in Figure 4:1 is based on a simple all fiber ring
cavity configuration operating using the mechanism of nonlinear polarization evolu-

tion.
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Figure 4:1. Experimental setup of the ring cavity. OC: 10/90 output coupler. PC: polarization control-
ler. OSA: optical spectrum analyzer. OSC: oscilloscope. RF: radio-frequency analyzer. Watt: wattme-
ter.
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To achieve high gain and record output power, we use a C-band double clad
V-groove Er:Yb 10 W fiber amplifier from Keopsys. The maximum achievable output
power in continuous lasing operation is 10 W, ensured by the 40 W pumping power.
Several laser diodes operating at 980 nm pump a 5m-long double-clad fiber that has a
second order dispersion of -0.021 ps2.ml. To ensure large anomalous dispersion to-
gether with large pulses duration, we add a piece of 505 m single mode fiber (SMF) so
that the net cavity dispersion in the anomalous regime is about -11.872 ps?. The total
cavity length is about 536 m, including 528 m of SMF with a second order dispersion
of -0.022 ps2.m-1. The round-trip time of the cavity is 2.681 ps corresponding to a free
spectral range of 373 kHz. Two polarization controller (PC) were used with a polari-
zation sensitive isolator to control the nonlinear losses. A polarization-insensitive iso-
lator (PI-ISO) was employed to force unidirectional operation of the cavity. A 10/90
output coupler is used to extract 10% of the power from the cavity. The 10 W amplifier
requires a threshold input signal to start. This is a security requirement for protecting
the internal optic and electronic circuitry. The external optical signal is delivered by a
homemade continuous wave tunable fiber laser with 800 mW maximum output power
[109], and is directly injected in the cavity through a 50/50 fiber coupler. Let us men-
tion that once the 10 W laser is operating, the external laser is switched off. In addition,
the 10 W amplifier has 2 distinct operating regimes per the datasheet: the low power
regime, which requires a minimum input of 17 dBm and a high-power regime for
which the gain of the amplifier must be below 13 dB. The output intensity is measured
using a high-speed photodetector (TIA-1200), and visualized with a fast oscilloscope
(Tektronix TDS 6124C, 12 GHz, 40 GSa). Also, the output power is measured using a
high-power wattmeter detector (Coherent Molectron PM500AD). The spectral proper-
ties are analyzed with an optical spectrum analyzer (Anritsu MS 9710C) and the pulse
duration is measured with an optical autocorrelator with a scanning range of +100 ps
(Femtochrome FR-103 XL). An electronic spectrum analyzer (Rohde & Schwarz FSP
Spectrum Analyzer 9 kHz to 13.6 GHz) is used to characterize the radio frequency

spectrum of the laser.
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4.2.2 High energy 2.27 uJ SWP emission under DSR operational mode

While we visualize the optical spectrum, temporal trace and the RF spectrum,
we monitor the output power using the wattmeter. By carefully adjusting the polari-
zation controllers we retrieve mode-locked pulses at a pumping power of Ppump = 4W
showing a conventional mode locking with sech pulse profile. After having the laser
stabilized in mode locked regime, we then slightly adjust the paddles of the polariza-
tion controller and by increasing the pump power to 4.8 W, we obtain DSR regime as
presented in Figure 4:2. If the polarization controllers are altered during the experi-
ment, we observe other regimes such as multiple solitons [32] or multiple square

pulses.
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Figure 4:2. Optical spectrum trace of the mode-locked emission at 5.4 W of pumping power.

Figure 4:2 shows the optical spectrum trace of the generated square-wave
pulses (SWP) under 5.4 W of pumping power. Such two peaks spectrum has been pre-
viously observed in DSR regime but no physical explanation was given [57]. The first
band is centered on 1566 nm with 8.5 nm of spectral bandwidth at -3 dB while the
second band is centered on 1618 nm with 7 nm of spectral bandwidth at -3 dB. The
spectral distance between the central wavelengths is 45 nm. The noise appearing in the
wings of the spectrum is linked to the analyzer optical sensitivity characteristics. The
autocorrelation trace of the square pulse exhibited in Figure 4:3, points out a constant

level because of the low scanning range compared to the pulse duration.
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Figure 4:3. Autocorrelation trace of the generated square-wave pulses.

Figure 4:4 depicts the temporal trace of the generated pulses. We notice a peak
in the leading edge of the pulse. This behavior has been noticed before but no further

investigation has been made in order to understand its nature [146].
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Figure 4:4. Temporal pulse trace of the mode locked emission at 5.4 W of pumping power.

As expected the pulse has a square-shape with a duration of 34 ns. According
to Figure 4:5, the RF spectrum shows a signal to noise ratio above 50 dB. The inset
exhibits a characteristic modulation with a period of 28 MHz corresponding to the du-

ration of the generated pulses for 5.4 W of pumping power.
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Figure 4:5. At5.4 W of pumping power: RF spectrum trace with 1 Hz bandwidth, the inset shows the
RF spectrum trace with 500 MHz span.

To confirm the existence of only one square pulse and that we did not record
the envelop of a bunch of short pulses, we have verified that there isn’t a coherent peak
with a large pedestal and no fine structure in the autocorrelation spectrum. In addition,

our detection apparatus allows us to resolve about 75 ps which is sufficient to visualize

any bunch of solitons.

By fixing the polarization controllers, the square-wave pulse is stretched with
the increase of the pump power while the peak power remains nearly constant. The
evolution of the pulse duration and pulse output energy for fixed polarization control-
lers is presented in Figure 4:6. We notice that the pulse duration and the pulse energy
can be quasi-linearly increased with the pumping power without significantly affect-

ing the peak power.
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Figure 4:6. (a) Evolution of the pulse duration and energy versus pump power. (b) Evolution of the
peak power and pulse duration against pump power.

In fact, the graphs in Figure 4:6 (a) and Figure 4:6 (b) can be divided into 3
regions. For Ppump < 7W the amplifier operates in the low power regime and the evo-
lution of both the pulse duration and energy is nearly linear. For 7 < Ppump < 26W the
amplifier operates in high power regime for which the evolution is still linear but with
a different slope. Finally, for Ppump = 26W although there is no modification of the op-
erating regime of the amplifier, there is the emergence of a CW component which re-
quires an adjustment of the polarization controllers to remove it. Such readjustment
leads to a variation of the nonlinear losses and then to a modification of the pulse char-

acteristics specially the peak power.

The highest achieved pulse energy is 2.27 pJ and is connected to the fiber cou-
pler used as the output port of the laser. This study is done with a 10/90 output coupler
that has significant insertion losses. Considering all these additional losses occurring
after the laser output, our pulse output energy would increase if the oscillator’s com-
ponents are carefully optimized. The achieved generated square-wave pulses are
tuned in a range from 28 ns to 190 ns as shown in Figure 4:7. We notice that the peak
present in the square-wave pulse as mentioned before under low pumping power,

disappears while we increase the latter.
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Figure 4:7. Tuning range of the generated DSR square-wave pulse

At a maximum pump power of 30 W, the laser generated a 190-ns square pulse
with an output power of 850 mW. At a repetition of 373 kHz, the output pulse energy
is 2.27 puJ with 11.5 W of peak power. This is by far the highest output pulse energy
ever reported in a fiber oscillator passively mode-locked through nonlinear polariza-
tion evolution. It is worth to mention that during our experiment there was no pulse
breaking, nor pulse bunching or higher harmonic operation till we passed the 26 W
threshold of pump power. In fact, a further increase in the pumping power above 30-
W destabilizes the system and we observe wave breaking even by carefully readjusting

the polarization controllers. This is not in agreement with theoretical predictions [147].

(=)

-14 .
/ N\ \\ / \\\ E
AN N\ 42 5
N \\\\t \ c
‘L A}‘\‘I‘M‘ ) \‘Hmrlj“%[‘ J -56 (%D
/| AL i
T s
\ 7 @
VA /4 AN | 10 Q}\
g L - . &
/ ,?/ w‘ “)m(‘ ‘Vh‘ . Qo
/i jille
L L1/ Z

30

1540 1560 1580 1600 1620 1640
Wavelength (nm)

Figure 4:8. Variation of the optical spectrum trace with the change of pumping power
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The evolution of the optical spectrum at various pumping power is shown in
Figure 4:8. The spectral intensity increases slightly with the pump power while the 3-
dB bandwidths of the spectra remain nearly invariable. By increasing the pump power
while fixing the polarization controllers under the stable mode-locking operating re-

gime, no significant change in the optical spectrum is observed.

4.3 SWP generation in dual amplifier figure-of-eight fiber laser
scheme

Since the DSR effect occurs irrespectively of the employed mode-locking
mechanism, experimental verification of this distinctive pulsed mode has been pro-
vided for several configurations. In the nonlinear loop mirrors mechanism, Mei et al.
demonstrated that the peak power clamping in the dissipative soliton regime can be
explained by investigating the NALM transmission as a function of peak pulse power
[138]. Conventionally in the DSR region, pulse width and energy can be tuned in cer-
tain range whereas the peak power remains at a stable level. By adjusting the gain in
both loops, Mei reported that the DSR pulse’s characteristics can be controlled inde-
pendently: the gain in the UR affects only the peak power by keeping the pulse width
unchanged, whereas the gain in the NALM allows the tuning of the pulse width with-
out altering the level of the peak power. In this section, we have reexamined the ex-
periment in [138] by introducing double-clad amplifiers instead of the standard am-

plifiers in both loops, and we compared the obtained results to [138].

4.3.1 Schematic of the F8L using dual amplifiers

The experimental setup shown in Figure 4:9 is based on an all-fiber figure-of-
eight laser cavity. It consists of a main unidirectional ring cavity (UR) connected to a
nonlinear amplifying loop mirror NALM by a 70/30 fused fiber coupler to have an
asymmetric light distribution in both paths of the NALM. The main cavity is composed
of a C-band double-clad co-doped Er:Yb 30 dBm fiber amplifier from Keopsys. It is
pumped with the v-groove technique by laser diodes emitting about 3 W at 980 nm
ensuring around 1.2 W of output power. The double clad fiber (DCF) has a length of
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2.45 m and a second order dispersion 32=-0.021ps?/m. The wideband polarization in-
sensitive isolator (PI-ISO) is inserted between the amplifier and the output coupler to
block the counter-clockwise wave. A 1km SMF coil is inserted after the amplifier to

increase the nonlinearities and the round-trip time of the cavity.

NALM

1.2 W Er:Yb DC
amplifier Al
1.2 WErYbDC
amplifier A2

500m
SMEF coil

Figure 4:9. Schematic of the dual amplifier laser. OC: output coupler.

The mode-locking is achieved thanks to the intensity-dependent transmission of the
NALM [24]. The latter is composed of a C-band double-clad co-doped Er:Yb 30dBm
tiber amplifier from Keopsys (KPS-BT2-C-30-BO-FA). It has 8 m of double-clad fiber
and two laser diodes operating at 980 nm and emitting about 2.5 W each which guar-
antees around 1.2 W of output power. A 500 m SMF coil is inserted after the amplifier
to increase the asymmetric nonlinear phase shift between the clockwise and counter-
clockwise propagating light in the NALM. Two identical polarization controllers are
used symmetrically in both cavities to have additional degrees of freedom to improve
the mode-locking conditions by adjusting the polarization states. The total cavity
length is about 1536 m, including 1500 m of SMF with a second order dispersion p2=-
0.022 ps?/m. The net cavity dispersion is about -33.23 ps? and the round-trip time is
7.65 us corresponding to a free spectral range of 133 kHz. The output signal is extracted
with a 99% output coupler, which allows us to have a maximum output power when
the pump power on both sides is extremely high. The spectral properties are analyzed
with an optical spectrum analyzer (Anritsu MS 9710C). The temporal trace is detected
using a high-speed photodetector (TIA-1200) and visualized with a fast oscilloscope
(Tektronix TDS 6124C, 12 GHz, 40 GSa). The output power is measured using a high-

power wattmeter detector (Coherent Molectron PM500AD). An electronic spectrum
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analyzer (Rohde & Schwarz FSP Spectrum Analyzer 9 kHz to 13.6 GHz) is used to
characterize the radio frequency spectrum of the laser. The choice of inserting more fiber
in the UR and less in the NALM is not hazardous since it is the result of a thorough optimi-
zation of the fiber cavity. Added to that, the usage of a 70/30 fiber coupler in the cavity is
based on different experiments to get a good compromise between the stability of the desired
square-wave distribution and the maximal energy per pulse [148]. The configuration re-
ported here is the most efficient we have found in view of optimizing the pulse energy with-

out pulse breaking.

4.3.2 High energy 10 uyJ SWP emission under DSR operational mode

By pumping 500 mW in the UR and 700 mW in the NALM while adjusting the po-
larization controllers in both cavities, the mode-locked square-wave pulses can be directly
obtained. Below these pumping powers, we don’t have mode-locking. If the polarization
controllers are altered during the experiment, the established distribution remains sta-
ble most of the time till we have a pulse breaking and multiple square pulses appear.
Figure 4:10 shows a stable square-wave pulse emission of the laser when the amplifier in the
UR is pumped at 3 W and the one in the NALM is at 1.7 W. It depicts the pulse train of the
passive mode-locked laser where we have a roundtrip time of 7.65 ps, and an inset of the
temporal profile where the pulse width is about 416 ns. At a maximum pump power, we

obtain an average output power of 1.333 W leading to an energy per pulse of 10 pJ.
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Figure 4:10. Square-wave pulse emission of the laser at a fundamental frequency of 133 kHz and with
4.7 W of total pumping power. a) Pulse train of the temporal trace. b) Temporal profile of single
square-wave pulse.
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The optical spectrum of the generated pulses is presented in Figure 4:11. The reso-
lution of the spectrum analyzer is 0.03nm, with a video bandwidth VBW of 100 Hz and 10000
sampling points without averaging. In this laser configuration, in contrast to the previous
experiment, we have a single wavelength centered on 1565 nm with 4 nm of spectral band-

width at -3 dB.
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Figure 4:11. Output spectrum of the square-wave pulse at 4.7 W of pump power.

The autocorrelation trace of the square pulse is the same as the previous ex-
periment and it is not represented here. It points out a constant level where there is
not a coherent peak nor fine structures confirming that we are not in the presence of

noise-like square-wave pulses [149]. Per Figure 4:12, the measured RF spectrum shows

a SNR above 60 dB.
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Figure 4:12. RF spectrum of the pulse with an inset of the envelope for a pumping power 4.7 W.
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The resolution bandwidth (RBW) of the spectrum analyzer is 100 Hz. The inset exhibits
a characteristic modulation with a period of 2.4 MHz corresponding to the duration of

the generated pulses for 4.7 W of pumping power.

4.3.3 Control of the pulse’s characteristics

By fixing the polarization controllers in the square-wave pulse state, we ana-
lyze the dependence of the peak power and pulse width versus the pump power of
both amplifiers. The choice of the pumping power of A2 (the amplifier in the NALM)
is critical since we can obtain easily a wave-breaking state when the pumping power
of Al (the amplifier in the UR) is at its maximum of 3 W and A2 is pumping above 1.7
W. We start by setting the A2 to 1.7 W and we tune the amplifier A1 from 500 mW to
its maximum of 3 W. Experimental results given in Figure 4:13 shows the dependence

of the pulse waveform versus Al.

Intensity (a.u)

Figure 4:13. Temporal profile of the generated Square-wave pulses with a pump power of A2 fixed at
1.7 W and A1 tuned from 500 mW to 3 W.

When we tune the pump power of Al, the output pulse duration is about 416
ns, keeping almost unchanged and the peak power increases. We measured the output
power of the laser, which rose from 250 mW to 1.333 W. Considering the output power,

the laser’s repeating frequency and the pulse width, we can show that the peak power

of the square-wave pulse changes from 5 to around 24 W.
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Figure 4:14. Generated Square-wave pulses with a pump power of A2 fixed at 1.7 W and A1 tuned
from 500 mW to 3 W. a) Pulse energy (empty circle) and peak power (squares) vs pump power of Al

As it can be seen in Figure 4:14, the pulse energy and peak power vary linearly
with the pump power of Al. By increasing the gain in the UR, we increase the peak
power of the pulses without modifying the pulse width of the generated square waves
in agreement with theoretical [150] and experimental results [138]. In fact, in [138] A1l
was turned off after the generation of a stable mode-locked square-wave regime in
order to demonstrate the independence of both amplifiers. In contrast, in our experi-
ment, we keep the A1l pumping at a fixed non-zero value and we tune the amplifier

A2. The pump power of Al is set to 3 W and the pump power of A2 varies from 150
mW to 1.7 W.

Figure 4:15. Temporal trace of the generated Square-wave pulses with a pump power of Al fixed at 3
W and A2 tuned from 120 mW to 1.7 W.
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Figure 4:15 shows the evolution of the pulse waveform versus A2. When we
tune the pump power of A2, the square-wave pulse duration and energy per pulse

start increasing linearly as it can be seen Figure 4:16.
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Figure 4:16. Pulse energy (empty circle) and pulse width (squares) vs pump power of A2.

E
By studying the peak power variation in every point of Figure 4:16 where P, = —pde

pulse
we realize that it's decreasing when the pulse width increases because the energy is
slowly increasing. Thus, the operation of both amplifiers isn’t totally independent in
the setup except if Al is turned off as it appeared in [138]. Indeed, we have verified
that in such conditions, we find qualitatively the same results as in [138], i.e. the peak
power remains nearly constant while the pulse duration linearly increases with A2.
The optical configuration studied in this section has been theoretically investigated in
[150] where the authors consider the use of microstructured fiber instead of long SMF
tibers. It was theoretically shown that the effect of the amplifiers was independent
even when Al was operating. However, this result was established by a specific set of
parameters. Preliminary results of recent simulations seem to demonstrate that for
other sets of parameters the effects of the amplifiers are not independent. This behavior

must be investigated in more details.
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44  Multi-pulsing instabilities in dissipative soliton resonance

Multiple experimental results have shown existence of DSR pulses under var-
ious cavity configurations, mode locking technique and operating wavelengths. Pulses
at 1 pm, 1.5 pm and 2 pm have been demonstrated in both all normal and anomalous
dispersion and pulse energy as high as 10 pJ from oscillator is reported [144], [151],
[152]. Amplification of DSR pulses to 240 W and 100 W average power at 1 pm and 2
pm respectively have also been demonstrated recently [153], [154]. The generation of
high peak power dissipative soliton resonance pulses from linear cavities has also been
demonstrated [155]. Rotating the polarization controllers (PCs) DSR pulses with dif-
ferent width and peak power are reported in literature for fiber lasers with both all
anomalous and normal dispersion. All the previous experiments have been reported

in long or very long cavities, thus low repetition rate.

In this section, we will investigate the generation of SWP in shorter fiber cavi-
ties and we will report the existence of multipulsing instabilities in the DSR region that

manifests in a harmonic distribution of SWPs.
441 Mid-length fiber ring cavity employing NPR

The experimental mode-locked laser setup shown in Figure 4:17 is based on a
simple all fiber ring cavity exploiting the nonlinear polarization evolution mechanism.
We use the double-clad Er:Yb fiber amplifier previously detailed, with a set of polari-
zation controllers and a high-power polarization sensitive isolator PS-ISO to form an
artificial saturable absorber. The inline isolator PI-ISO is employed to improve the iso-
lation ratio and the signal is extracted with a 30/70 fiber coupler. We splice a 250-m
coil of SMF-28 taking into consideration the interest in operating in large anomalous
dispersion of about -6.6 ps?. The total cavity length is 300 m, including 295-m of SMF
with a second order dispersion of -0.022 ps2.m. The round-trip time of the cavity is
1.488 ps corresponding to a free spectral range of 672 kHz. The output signal is de-

tected using the same apparatus in the previous experiments. The slow-axis in the PS-
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ISO is rejected through a port, which is connected to a high-power wattmeter (Coher-
ent Molectron PM500AD). The laser can operate in different regimes by carefully ad-

justing the polarization controllers through the variation of both the linear and nonlin-

ear losses of the cavity.

Polarization 1W Er:Yb DC amplifier ~ <
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isolator Qutput
coupler30% %, 05A
L U R Y Autocorrelator
ﬁ 250m SMF-28 coil | _Oscilloscope
RF analyzer
Polarization Power meter
PC2 sensitive isolator PC1

0 B YL

= ===

Figure 4:17. Experimental setup of the ring cavity.
4.4.2 Generation of SWP in the DSR region

Stable mode-locking in the square pulse DSR regime was achieved with
proper adjustment of the polarization controllers at 400 mW pump power. The pulse
repetition rate was 672 kHz matching with the cavity round-trip time. The pulse width
was tunable from 95 ns to 270 ns by increasing the pump power at fixed PC orientation

while the peak power remains clamped as presented in Figure 4:18.
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Figure 4:18. Evolution of the pulse characteristics: pulse width and peak power versus pump power
(squares for the pulse width, stars for the peak power)
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The pulse width and energy per pulse variation with input pump power is

shown in Figure 4:19.
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Figure 4:19. Pulse width and pulse energy versus the pumping power (square for pulse energy, empty
circles for the pulse width).

We notice that the pulse duration and the pulse energy can be quasi-linearly increased
with the pumping power without significantly affecting the peak power. The highest
achieved pulse energy and width is 409 nJ and 270 ns respectively and are connected
to the fiber coupler used as the output port of the laser. The temporal pulse trace at the

fundamental repetition rate is depicted in Figure 4:20.
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Figure 4:20. Temporal profile of the SWP at 3 W of pump power.
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The corresponding spectrum is presented in Figure 4:21. The resolution of the

spectrum analyzer is 0.03 nm and the central wavelength is centered on 1566 nm with

3 nm spectral bandwidth at -3 dB.
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Figure 4:21. Optical spectrum trace of the generated SWP at 3 W of pump power.

In Figure 4:22, the measured RF spectrum shows a signal to noise ratio around

60 dB. The resolution bandwidth (RBW) of the spectrum analyzer is 100 Hz. The inset

exhibits a characteristic modulation with a period of 3.71 MHz corresponding to the

duration of the generated square pulses for 3 W.
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Figure 4:22. RF spectrum trace with 1 Hz bandwidth, the inset shows the RF spectrum trace with 500
MHz span.
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As it has been previously demonstrated, we have verified the autocorrelation
spectrum and we found no coherent peak nor fine structures thus confirming the ex-
istence of only one square pulse. In addition, our detection apparatus allows us to
resolve about +100 ps which is sufficient to validate that we did not record the envelop

of a bunch of short pulses.

4.4.3 Multipulsing instabilities: A harmonically distributed SWP under DSR

As mentioned before, by continuously increasing the pump power, the square
pulse operating in dissipative soliton resonance regime widens and does not suffer
from wave-breaking at a maximum 3 W pump power. When the pump power is fixed
and by adjusting properly the PCs, the square pulse packet can split into two or more
pulses having the same shape as the original square pulse but with a smaller extent.
Consequently, the laser evolves into a higher harmonic DSR mode-locking as shown

in Figure 4:23.
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Figure 4:23. Harmonic mode-locked DSR square pulses train of different orders achieved by adjusting
the PC. Each color is assigned to different pumping power (red for 1.18 W, blue for 1.6 W and green
for 2.2 W).
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At a pump power of 1.18 W while modifying the polarization controllers, we
achieved up to the 4th harmonic order. This was the maximum harmonic that was be-
ing generated by a set of specific parameters. By increasing the pump to 1.6 W, we
managed to obtain up to the 6t harmonic order while carefully adjusting the PC. Fur-
ther increase of the pump power to 2.2 W while conserving the exact same optical
spectrum, leads to the generation of several harmonic orders up to the 13th harmonic
order. Above this pumping power, no increase in the harmonic order has been de-
tected. The square pulse width ranged from 102 ns at the fundamental frequency to 18
ns at the 13th harmonic order. The autocorrelation trace of the harmonic mode-locked
pulses showed no fine structures, indicating that the harmonic mode-locked square

pulses were not considered as the envelops of noise-like pulses.

To verify that the achieved HML distribution operates under the dissipative
soliton resonance regime, we compared the 4t harmonic order obtained under differ-

ent pumping powers.

As shown in Figure 4:24, under the 4t harmonic order distribution, when we
increase the pump power, the square pulses widen and become more energetic con-
tinuously without wave-breaking. The pulse duration increases from around 95 ns to

190 ns whereas the energy from 37 nJ to 70 nJ.
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Figure 4:24. Evolution of the 4th order harmonic mode-locked square pulse’s characteristics: pulse
width and energy versus pump power (empty circles for pulse width, squares for pulse energy).
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Also, we measured the peak power during this process as presented in Figure

4:25, and it remained nearly constant when the pulse width is modified.
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Figure 4:25. Pulse width and peak power versus pump power (empty circles for pulse width, squares
for peak power).

We notice that the average output energy per pulse at a fixed pump power of
1.18 W, follows a scaling law of 1/n where the pulse energy is proportional to the
harmonic order as described in Figure 4:26. This is mainly since the average output

power remains nearly unchanged.
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Figure 4:26. Pulse energy versus harmonic order at a fixed pump power. The solid line is a 1/n fit.
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4.5  Spectral and temporal dynamics of SWP in fiber lasers

The earlier experiment presented the possibility of generating square pulses
operating in the dissipative soliton resonance mode with a variety of cavity configura-
tions. These pulses exhibited a clamped peak power with a tunable pulse width and
energy which are the distinct characteristics of the DSR. Meanwhile, Komarov et al.
[156] demonstrated recently the possibility of generating the same type of square
pulses with a spectral doublet structure. By increasing the pump power in the fiber
laser cavity, the pulses manifest the features of the DSR while the spectral lobes” 3 dB
bandwidth and positions remain unchanged. In this section, first we will demonstrate
an experimental observation of such behavior which could help a better understand-
ing of the pulse dynamics in the dissipative soliton resonance regime. Then, we will

report the generation of staircase pulses with spectral doublet structures.

451 Experimental schematic of a ring cavity oscillator

In this experiment, we use the same fiber setup as the previous section. It is a
simple all fiber ring cavity using the NPR as mode-locking mechanism as shown in
Figure 4:27. To achieve high gain and high output power, we use the C-band double
clad V-groove Er:Yb 1.2 W fiber amplifier. To ensure large anomalous dispersion to-
gether with large pulses duration, we add 240 m of SMF with a second order disper-
sion of -0.022 ps2.m, so that the net cavity dispersion in the anomalous regime is about

-5.49 ps2.

(IW Er:Yb double

Lcladapr‘rlplifierJ

240 m
SMF caoil

PC2 PC1

Figure 4:27. Experimental setup of the nonlinear polarization evolution: isolator (PI-ISO), PC (polari-
zation controller), PS-ISO (polarization sensitive isolator), OC (output coupler).
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The total cavity length is about 250 m. A 5/95 output coupler is used to extract 5% of
the power from the cavity. The output intensity is measured using the same apparatus

described in the previous sections.

4.5.2 Spectral dynamics of square pulses

When the polarization controllers’ paddles are properly adjusted, mode-
locked pulses are observed at the output of the laser for pump powers above 200 mW.
Figure 4:28 shows the analysis of pulses generated by the laser while being pumped
with 633 mW of pump. The pulse width obtained is up to 78 ns.
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Figure 4:28. Temporal profile of the laser emission registered at 633 mW of pump power.

The purpose is not to demonstrate the generation of DSR pulses [143], [157],
[158] but to study the spectral dynamics of these pulses. We choose to analyze the re-
sults at 633 mW even if our amplifier can be pumped up to 5 W. Per the registered RF
spectrum in Figure 4:29, the signal to noise ratio exceeds 50 dB, and the repetition fre-

quency of the constructed laser is ~800 kHz which corresponds to a ~250 m long cavity.
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Figure 4:29. RF spectrum registered with 100 Hz BW at 633 mW of pump power.

The graph depicted in Figure 4:30 clearly shows that the average output
power, pulse energy and width can be linearly tuned with pump power, while main-
taining relatively stable peak power. The achieved pulse tuning ranges from 23 ns to
79 ns, and the pulse energy from 12 nJ to 37.5 nJ by taking into consideration a repeti-
tion frequency of 800 kHz. The peak power is clamped around 0.55 W.
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Figure 4:30. Pulse width, energy in function of pump power.
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According to Komarov [156], stable square pulses with a spectral doublet can
be achieved in fiber lasers and the pulse width tuning and energy scaling is determined
by the spectral dynamics. In fact, it has been demonstrated that while increasing the
pump power in the anomalous dispersion regime, the spectral width of the doublets
is decreased while the position remains unchanged. Figure 4:31 exhibits the spectral

profile of the laser emission in function of the pump power.
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Figure 4:31. Spectral distribution in function of the pump power.

At 490 mW pump power, the spectrum is centered on 1587 nm with a band-
width at -3dB of 3 nm. At 540 mW of pump power, the spectrum presents double lobes.

First lobe 4, is centered at 1568 nm with 2.95 nm bandwidth at 3 dB, and the second
lobe 4, is centered at 1581 nm with 3.5 nm bandwidth at 3 dB. When the pump power
is increasing to 600 mW, 4, and A, are centered at 1566 nm and 1598 nm, while their

bandwidth at 3 dB is 6.7 nm and 5.85nm respectively. When we reach 633 mW of pump

power, 4, and A, are centered at 1566 nm and 1602 nm, whereas their bandwidth at 3

dB is 1.2 nm and 5.3nm respectively. It is convenient to represent the evolution of the

spectral peaks as a function of the pump power as shown in Figure 4:32.
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Figure 4:32. Position of the first and the second spectral lobe in function of the pump power.

In Figure 4:32, the lines connecting the points have no representation value, but are
used as a guide to the readers’ eyes. The region, in which we have explored the spectral
lobes shifting, is 150 mW above the threshold of DSR mode-locking. In this zone, we
can notice a smooth transition from a single wavelength to a splitting of the central
wavelength into two wavelengths. In [156], Komarov et al. did not notice this behavior
probably because they did not investigate the restrained zone above the threshold. To
be able to compare both numerical and experimental results, we need to have more
experimental points above 640 mW to see if the spectral doublets remain constant, and
more numerical points between the threshold and the first doublet representation to
confirm the obtained experimental results in this section. Correspondingly, there is a
small shift in the spectral profile of some nm because the spacing between both lobes

is increasing.
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Figure 4:33. a) Pulse width and b) spectral spacing in function of pump power.
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As the pump power increases, the pulse width increases linearly as shown in

Figure 4:33.(a) whereas the intensity level of 4, remains higher than the one of 1, and

the spectral spacing between them varies as it is demonstrated in Figure 4:33.(b).

We have also examined the temporal profile of the generated square pulses as
a function of the pump power. The corresponding results depicted in Figure 4:34
demonstrate the tuning of the pulse width from 23 ns to 79 ns in function of the pump

power. These results are in total agreement with the numerical simulation in [156].
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Figure 4:34. Temporal distribution in function of the pump power.

4.5.3 Generation of staircase pulse based on spectral doublet

Based on the same experimental setup in the previous section, we change the
output coupler from 5 to 10%. By carefully adjusting the polarization controllers we
retrieve mode-locked pulses at a pumping power of Ppump = 200 mW showing a con-
ventional mode locking with sech pulse profile. After having the laser stabilized in
mode locked regime, we then slightly adjust the paddles of the polarization controller
and by increasing the pump power to 2 W, we obtain DSR regime. If the polarization
controllers are altered during the experiment, we observe other regimes such as mul-
tiple solitons or multiple square pulses. At 2 W of pump power, the temporal trace of

the generated output pulse is depicted in Figure 4:35.
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Figure 4:35. Temporal distribution of square pulse at 2W of pump power.

We notice a peak in the leading edge of the pulse as it has been reported previously
[143]. The pulse has a square-shape and a pulse width of 8.3 ns. The optical output
power recorded is 211.2 mW which leads to a pulse energy of 285 nJ] and a peak power
of 47.5 W. Figure 4:36 shows the optical spectrum trace of the generated square pulses
under 2 W of pumping power. Such two peaks spectrum has been previously observed

in DSR regime and have been theoretically predicted [156].
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Figure 4:36. Spectral profile of the generated square pulses at 2W pump power.

The first band is centered on 1566 nm with 5 nm of spectral bandwidth at -3 dB while
the second band is centered on 1593 nm with 7 nm of spectral bandwidth at -3 dB. The
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spectral distance between the central wavelengths is 23 nm. The autocorrelation trace
of the square pulse not represented here, points out a constant level because of the low

scanning range compared to the pulse duration.

By carefully adjusting the polarization controllers” paddles, we notice that the
square pulse is altered and becomes a downward staircase wave as depicted in Figure

4:37.
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Figure 4:37. Temporal trace of the downward staircase pulse.

The obtained pulse width is 15 ns. The pulse presents two different intensity
levels where the first part has 4 ns width and second part has 11 ns. The recorded
output power is 200 mW and the pulse energy is 270 nJ. The spectral profile of such

pulse is presented in Figure 4:38.
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Figure 4:38. Spectral profile of the downward staircase pulse.
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The spectrum presents as in Figure 4:36 two lobes centered on 1565 nm and 1615 nm
with a -3dB bandwidth of 4 nm and 3.2 nm respectively. Compared to the previous
obtained spectrum in Figure 4:36, the spectral separation between both lobes has in-

creased to 45 nm.

We continue adjusting the polarization controller to search for the existence of
an upward staircase pulse. Figure 4:39 exhibits the temporal profile of an upward stair-
case pulse. The total pulse width is 12 ns, where the first is about 5 ns and second part
has a width of 7 ns. The recorded output power is 199 mW and the pulse energy is
268.5 nJ.
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Figure 4:39. Temporal trace of the upward staircase pulse.

Let us note that this state is observed only in a very restrained range of param-
eters (very narrow pump power range and specific position of the PCs paddles). Figure

4:40 exhibits the spectral profile of the generated upward staircase pulse.
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Figure 4:40. Optical spectrum of an upward staircase pulse.

Like the previous results, there is also two lobes. The first one is located at 1565
nm with 4 nm bandwidth at -3 dB while the second is located at 1598 nm with 6 nm
bandwidth at - 3dB. The separating distance between both wavelengths is around 26
nm. Based on the obtained results, we notice that the spectral distance between both
wavelength varies. In fact, in the case of a single pulse A1 =28nm whereas in the case
of downward and upward staircase pulse A1=50nm and AA =33 nm respectively. At
this stage of analysis since we have few points, we cannot deduce a scale law that val-
idates a certain relation between spectral spacing and pulse width. More experiments

need to be achieved.

45.3.1 Spectro-temporal analysis of the obtained results

To investigate the square peak appearing in the leading edge of the pulse in
Figure 4:37 , a flexible tunable filter OTF 320 manufactured by SANTEC, with a spec-
tral bandwidth of about 0.5 nm and threshold damage of 320 mW is inserted after the
output coupler. By simple filtering the optical signal, we noticed that the pulse width
is 4 ns when we are at 1565 nm and it is 15 ns when we are at 1615 nm. So basically,
we can assume that the resulting output pulse, is the combination of two wavelengths

in different spectral bands as it is presumed in Figure 4:41.
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Figure 4:41. Spectro-temporal analysis of the staircase pulses.

These results are preliminary, and more investigation needs to be done to con-
tirm the filtering of the output pulse and the link between the spectral spacing of the

lobs and the pulse width in function of the pump power.

4.5.3.2 Staircase pulse numerical simulation

Previously, we have experimentally demonstrated the possibility of generat-
ing staircase pulses in a Er:Yb co-doped double-clad fiber laser passively mode-locked
with nonlinear polarization evolution mechanism. As A. Komarov conducted the nu-
merical simulations, we used the following normalized master equation describing the
field evolution in a unidirectional ring laser:

a—E:(DrJriDi)az—E+Di363—%+[g—a0+(p+iq)l—pZIZ]E Eq.35
o¢ ot ot

where E({,7) is the electric field amplitude, r is the time coordinate in units

L
ot= |ﬁ22| (here g, is the second-order group-velocity dispersion for the intracavity

medium and L is the cavity length), ¢ is the normalized propagation distance (the
number of passes of the radiation through the laser cavity), D, and D, are the quad-

ratic frequency dispersions of the gain-losses and the refractive index respectively and

D,; is the third order dispersion of the refractive index. The amplification is expressed
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as g in which the integration is carried out over the whole round-trip pe-

“14b[1dr

riod, where a is the pumping parameter, b is the saturation parameter, and | = |E|2 is

the field intensity in units (yL)™ . The dimensional nonlinear refractive coefficient y
related to the nonlinear refractive index is expressed in W'm™. The parameter o, is
the linear losses and q is the Kerr nonlinearity. The term pl describes the nonlinear
losses that decrease with increasing intensity | whereas p,I? is due to nonlinear losses

that increase with increasing 1 .

When D,; =0 , the master equation describes the generation of spectral-dou-

blet square pulses which has been demonstrated experimentally in the previous sec-
tion, and numerically in [156]. Typical temporal and spectral distributions of such
pulses are presented in Figure 4:42. The right and left parts of the pulse in Figure
4:42(a) have different carrier frequencies which correspond to the two spectral peaks
in Figure 4:42 (b). The peak in the center of the pulse in Figure 4:42 (a) is the result of
the in-phase interference fields from the right and left parts of the pulse. The temporal

and spectral distributions are symmetric.
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Figure 4:42. (a) Temporal and (b) spectral distributions for a steady-state rectangular pulse with spec-
tral doublet structure. a=2.5, b=0.07, D;=1.4, D;=0.2, D3=0, 00=0.5, p=1, q=0.45, p>=1.

The third order nonlinear dispersion of the refractive index D,, breaks the

symmetry. In this case, the master equation is not invariant relatively to the replace-
ment 7 by —z. The example of the transient evolution for a lasing operation with

D,; #0 is presented in Figure 4:43. In this case the pulse may have a staircase shape.

The upper and lower parts of the step correspond to the different peaks of the spectral
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doublet. However, such staircase pulse is unstable. The boundary separating the fields
with different carrier frequencies (the peak in the temporal distribution of the pulse)
shifts to the edge of the pulse. Thus, the pulse becomes a single frequency one. This
transient evolution is due to a competition between two fragments of the pulse which
are supported from the single energy source connected with the amplification g. A
fragment of the field having the best conditions for generation dominates the compe-
tition. An alternative fragment is suppressed. Numerous attempts to determine a
mechanism stabilizing the staircase pulse had been taken. It has been demonstrated
that such stabilization may be due to the spectral gain inhomogeneity in fiber amplifi-

ers.
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Figure 4:43. Transient process and the steady-state distributions (a) for the intensity 1(z) and (b) for

the spectrum of a rectangular pulse in the case of a=2.5, b=0.07, D;=1.4, D;=0.2, Dis#0, 00=0.5, p=1,
q=0.45, p>=1. (D;; =—1for ¢ <1100, D;=1 for & >1100).
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Similar to the previous simulation, we use the same standard split-step Fourier
method involving splitting the nonlinear-dispersion problem into nonlinear and dis-

persion parts [159]. The nonlinear equation was the same as in the case of the master

equation:
OE . 2
gz[g—ao+(p+|q)l—pzl l1E Eq. 36
The equation for the Fourier components of the field E, describing the dispersion part
of the task has the form:
OE, . ,
o =-o’(D, +iD,)E, —i®o’D,E,, + Eq. 37

+(gl eXpI:_Do(w_a)l)z:"" g, exp[_Do(a)_a)z)zJ) E,

where o, and o, are the central frequencies for peaks of a spectral doublet. The pa-

rameter D, determines a spectral homogeneous width of an amplification. The terms
proportional to exp [—DO (0— a)l)z} and exp [—DO (0-w, )2} describe a spectrally inho-

mogeneous amplification near the frequency o, and @, , respectively [160], [161]. The
values ¢, and g, correspond to the value of g described earlier and are determined

by the expression:

h,
(1+bijIwexp[—Do(a)—a),)ZJda)) ’

|:1,2, Eq 38

of

In the case of a spectrally inhomogeneous amplification, the wings have different fre-
quencies and they are supported by independent sources which are described by the
values ¢, and g,. Therefore, the competition between these fragments of the field is
suppressed, their coexistence is achieved, and the steady-state staircase pulse is stabi-
lized. The temporal and spectral distributions of the downward stable steady-state

staircase pulse are shown in Figure 4:44.
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Figure 4:44. (a) Temporal and (b) spectral distributions for a steady-state staircase pulse with spectral
doublet structure in the case of a spectral inhomogeneity of an amplification. a=0.5, Diz=-1, h1=h,=0.8,
b1=b»=0.005. Other parameters are the same as in the other figures.

In case of a replacement z by —z, a downward staircase pulse is transformed

into an upward staircase pulse as shown in Figure 4:45.
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Figure 4:45. a) Temporal and (b) spectral distributions for a steady-state staircase pulse with spectral
doublet structure in the case of a spectral inhomogeneity of an amplification: a=0.5, Di3=1, hi=h>=0.8,
b1=b>=0.005. Other parameters are the same as the previous figure.

In the numerical analysis, we have used a distributed model of a fiber laser
with cubic and quintic nonlinearities of intracavity medium. To break the symmetry
by time reversal, we have modified correspondingly the value of the third order dis-
persion of the refractive index whereas the second order dispersion remained un-
changed. We have found that the generation of stable staircase pulses depends on the
spectrally inhomogeneous amplification of the radiation without excluding other
mechanisms responsible for such behavior that have not been detailed here. Mean-
while, the experimental results were obtained at the same fixed pump power and with
a fine adjustment of the polarization controllers” paddle in every situation, which in-
troduces a variation in the nonlinear losses but not only. We did not observe any de-

pendency between the shape of pulse and the spectral intensity level. In fact, in the
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case of a single pulse, downward staircase or upward staircase pulse, the intensity
level of the shorter wavelength was always higher than the longer wavelength and the
intensity level difference was 1.8 dBm, 6.9 dBm and 3.5 dBm respectively. Therefore, a
comparison between the numerical simulations and the experimental results requires
more investigation. At the same time, we believe that it would more appropriate to
use a more realistic model based on nonlinear polarization rotation technique [111],

[162] that would help in a future study.

4.6  Chapter summary

In this chapter, we studied extensively the generation of square pulses operat-
ing in the dissipative soliton resonance regime in passively mode-locked fiber lasers.
Different methods of mode-locking have been used during the experiment which
prove the universality of this emission. We also reported the possibility of controlling
the characteristics of the DSR square pulses by means of dual amplification in a figure-
of-eight. Later, we demonstrated that even in the DSR regime, there exists instabilities
depending on the parameters of the laser cavity which lead to a harmonic distribution
of the square pulses. The obtained results are records in energy scaling in a single fiber

oscillator, and have been the subjects of different publications.

In the last part of the chapter, we investigated the spectral dynamics of the
square pulses in the DSR regime. We have shown there is a possibility of generating
square pulses with a spectral-doublet structure where the pulse width increases with
the pump power and the spectral spacing between both lobes varies. This extensive
study evolved into the first numerical and experimental demonstration of staircase
pulses. Concerning the staircase pulses at theoretical scale, it is required to have a
mechanism capable of breaking the invariance by time reversal which would allow

these pulses to exist, and inhomogeneous gain to stabilize them.
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Chapter 5 High output power mode-
locked fiber lasers with nanomaterial satu-
rable absorbers

So far, we have considered artificial saturable absorbers, but there is the pos-
sibility to use real passive saturable absorbers as a mechanism of mode-locking to
build high average output power fiber lasers. In the last decade, nanomaterials have
emerged in the field of ultrafast lasers as saturable absorbers thanks to their unique
optical properties, such as broadband absorption, short recovery time, and high
modulation depth. Even if the usage of such materials is well extent, the actual devel-
opment of novel methods of creating the saturable absorber device is still very much

ongoing, especially in the framework of high average output power lasers.

In this chapter, we discuss the recent advances in mode-locked fiber lasers
based on real saturable absorbers: Graphene and topological insulators Bi,Ses;.
The optical properties and deposition techniques of these materials will be dis-

cussed and their usability in high power laser setups will be demonstrated.

5.1 Introduction

Since the isolation of a single layer of graphene from a layered graphite source
in 2004 [163], [164] and the discovery of its unique optical and electronical properties
[165], the study of two-dimensional layered materials also known as atomically thin
layered materials, has exploded with both popularity and beautiful results. After that
success, the scientists around the world extensively investigate other thin layered ma-
terials, such as topological insulators TIs, transition metal dichalcogenides TMDCs,
black phosphorus BP, and many others. Bulk crystals of these layered materials can be
thought of like a ream of paper: composed of many individual sheets which are
strongly bound in-plane, though only weakly bound, via van der Waals forces, be-

tween sheets. These crystals have interesting properties in their own right, but with

87



Chapter 5: High output power mode-locked fiber lasers with nanomaterial saturable absorbers

minimal effort, using mechanical exfoliation [165], a single layer may be isolated dis-
playing remarkably different properties than the bulk crystal. Electrons in these mate-
rials are absolutely confined in the out of plane direction leading to some very inter-
esting quantum physics arising from their two-dimensional nature. Additionally, since
these materials are all surface area they are particularly sensitive to changes in their
environment; for instance, as sensors for chemicals absorbed onto their surfaces, or, as
will be the focus of this thesis, as sensors for incident light. Finally, they may be easily
stacked on top of each other to form vertical hetero-structures [166], [167]. Since dif-
ferent layered materials act as metals, insulators, semiconductors, or superconductors
in their monolayer limit [164], different hetero-structures of different materials can run
the full spectrum of imaginable device architectures [168], [169]. These materials are
also characterized by multiple unique optical properties, such as broadband and almost
wavelength-independent absorption or optical bistability (saturable absorption with
ultrashort recovery time and high modulation depth). Those properties make 2D ma-
terials useful in laser technology, e.g., as saturable absorbers for lasers emitting ultra-
short optical pulses. The research on novel 2D materials strongly contributes to the
development of novel laser sources, enabling generation of shorter pulses and broader
bandwidths at new wavelength regions, previously uncovered by any other coherent

light source.

In this thesis, we will focus our investigations on the implementation of Gra-

phene and Bismuth Selenide Bi;Ses as SA in passively mode-locked fiber lasers.

5.2 Fundamentals of nanomaterial based SA

A saturable absorber can be defined as an optical material that has high light
absorbance for low intensity light and an eventual saturated absorption causing a low
degree of absorbance for high intensity light. The key parameters for a SA are, in gen-
eral, its frequency or wavelength range, the Modulation Depth (MD), relaxation time,
the saturation intensity or saturation fluence, and its dynamic response [170]. These
macroscopic parameters can be explained by considering an ideal absorber with only

two energy levels separated by an energy gap. Supposing that initially only the lower
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level is occupied, a photon impinging on the material excites an electron from the
lower to the higher energy state, if the photon energy matches the energy gap between
the states. The excited carrier then undergoes a non-instantaneous recombination pro-
cess; iteventually recombines with a hole in the lowest energy state. By progressively
increasing the photon flux, the number of electrons promoted to the higher state per
unit time increases consequently, until a condition of strong excitation is reached,
which results in the saturation of the absorber, i.e. the initial state is depleted of elec-
trons while the final one is almost completely occupied, and it cannot accommodate
new excited carriers. This condition, associated to an increase in transmittance of the

material, is a consequence of Pauli principle [68].

Modulation depth of the saturable absorbers can be defined as the difference
AT between the transmittance of the saturated absorber and its transmittance in ordi-
nary linear behavior, in other terms the maximum change in absorption. It is a wave-
length-dependent parameter. Typically, a large modulation depth is required for fiber
lasers, where the round-trip gain and loss is high, and dispersion and nonlinearity

strongly influence pulse formation.

Saturation intensity is the optical intensity in the steady state required to re-

duce the absorption to half of its unbleached value. For a low-gain laser amplifier, sat-

o . . ho .
uration intensity can be calculated using |, =— where hov is the photon energy at
or

the signal wavelength, o is the absorption cross-section at the emission wavelength
and 7 is the upper-state lifetime. In some cases, it's more convenient to use the satu-

ration fluence F_, which is the pulse energy per unit area needed to obtain a change

1 h
in the transmission equal to . of the modulation depth, and expressed by F,, = =,
o

Relaxation time of a saturable absorber is its intrinsic response time, which can
strongly influence the pulse duration, particularly in a bulk laser without dispersion
management. Saturable absorbers based on their relaxation time can be divided into

fast saturable absorber, with relaxation time of hundreds of femtoseconds or a few
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picoseconds and slow saturable absorber, with relaxation time of tens of picoseconds

to nanoseconds.

Non-saturable loss refers to the part of the losses, which cannot be saturated.
It is an intrinsic material property but can be strongly influenced by fabrication pro-

cess.

5.21 Dynamics of saturable absorption

Following the master equation described by Haus [116], we have:

oN(z,t) . O°A . . g 1|0
T =—iD—+iS|A " A+|g-T+| =>+— |—=-a(z,t)|A  Eq.39
" ol {g (.ng o o A2 e

where A(z,t) is the slowly varying field envelope, T is the cavity round-trip time, I
is the intracavity linear losses, D is the intracavity group-delay dispersion, £2; and

€, the filter bandwidth and gain bandwidth respectively. The SPM-coefficient ¢ is

. 2
given by 0 =
(ﬂo&

]nZL , where n, is the intensity dependent refractive index of the
ff

laser crystal, 4, the center wavelength of the pulse, A, and L are the effective mode

area in the laser crystal and length of the light path through the laser within one round-
trip, respectively. We assume a gain medium with a long relaxation time and large

saturation energy, therefore, the gain g is saturated to its stationary value correspond-

9%

R 1+ EP
T

sat,medium ' R

E
ing to the average power P, = _I_—p and it is defined by g =

g = where ¢, is

+00

the small signal gain, E; is the pulse energy defined by E = j | At )|2 dt and P,

—00

at,medium

is the saturation power of the gain medium. «(t) is the response of the saturable ab-

sorber or the saturable absorption coefficient.

Thus, the dynamics ruling the saturation of an ideal two-level absorber ex-

posed to a pulsed laser source can be described by the following rate equation [171]:
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dat)  al®)-a, a®P®)  a)-a, a®)P()
dt - TA FsatA\aff - TA E

Eq. 40

sat
where a, is the unsaturated absorption coefficient, «(t)is the saturable absorption co-
efficient that does not include non-saturable losses, 7, is the recovery time, P(t) is the

peak power incident on the SA, F

¢ 15 the saturation fluence and A, is the incident

beam area. This equation can be rearranged as:

a'(t)+{i+&Ja(t) % Eq. 41

T sat, Ay Ta
It is possible to distinguish between two types of saturable absorbers: slow and

fast SAs.

a) Slow saturable absorber model

When a slow saturable absorber is used, a dynamic gain with the passage of
a pulse must be taken into consideration instead of a time-independent gain. The du-
ration of the pulses that hit the absorber is much shorter than the relaxation time of the

absorber 7, <<7, , and the response of saturable absorbers to pulses is not considered

instantaneous, therefore the term in Eq. 40 related to the recovery time of the absorber

is negligible since P(t) >> E_, . The generated pulse duration is not purely limited by

the relaxation time of saturable absorbers, but by the window of net gain between the
saturation of the absorber and the saturation of the gain. The behavior of a slow satu-
rable absorber is described by a time-dependent power loss coefficient, depending on

the parameters of the absorber and the incident pulse. The rate equation becomes:

da(t)  a(t)P()
d  E

Eq. 42

sat

This approximation yields:

1 t E t
()] o™ % exp{—E— J P(t')dt'}ao exp{— - f(t')dt'} Eq. 43

sat 0 sat 0
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where we have substituted P(t)=E_ f(t), implying thatif 7  is the time interval be-

Tp

tween two light pulses I f(t')dt' =1 and E, is the pulse energy. The overall loss that a
0

pulse undergoes in a slow saturable absorber is:

® E E
ap( Ep ) slow ™ ja(tl) f (t|)dtl 2% _P|:1_exp [_p]i| Eq 44
0 Esat Esat
Since
F E E
p _E, area_E, Eq. 45
sat Esat area Esat
Therefore
F F
a,(F)=a,=2|1-exp| - == Eq. 46
|:p Fsat

Thus, it is clearly independent of the pulse shape, and depends only on its

amplitude. Therefore, the absorber is assumed to saturate per:

Aa {1exp£llzz(t)ﬂ Eq. 47

F@O
=

sat

a(t) =

where Aa is equivalent to the modulation depth, F(t) and F, are the instantaneous
and saturation fluence, respectively. Following [172]-[174], the analytical solution of
the corresponding pulse width in slow saturable absorber based mode-locking models
can be derived. In most experimental cases, however, the absorber normally operates

at few times its saturation fluence, and the estimated pulse duration is given by:

. _115g,
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b) Fast saturable absorber model

When a fast-saturable absorber is employed, the gain is assumed to be time-
independent and constant during the passage of the pulse since the relaxation time of
the rare-earth ions is much greater than the cavity round-trip time. Pulse durations in
this situation are mainly dependent on the relaxation time of saturable absorbers. If

the pulse duration is much longer than the relaxation time of the absorber 7, >>7, ,

then the response of saturable absorbers to pulses are considered instantaneous

da(9
dt

=0 and it is assumed that the absorber can fully recover within the round-trip

time of the laser cavity. Therefore, the Eq.40 becomes:

alt)—a, a(t)P(t Q

0:_ () 0 () ():>6¥(t)= 0 Eq.49

z-A Esat 1 P(t)

Tl —+—"

2-A Esat

Since —A- = 1 and P(t) = H® area dV) , therefore the saturable absorber
sat sat sat I sat area I sat
response becomes:
a
a(t) = ﬁ Eq. 50
1+ —=

where ¢, is identified as the non-saturable loss, I(t) is the instantaneous pulse inten-

sat

sity as a function time and |, is the saturation intensity of the SA. This theory, de-

sat
scribing the absorption through a fast saturable absorber was developed by Haus et

al. in 1975 [116].

By assuming the saturation of the absorber device is relatively weak, the cor-
responding analytical results for the pulse durations of passive mode-locked saturable

absorber based lasers can be written as [24]:

.2,

= Eqg. 51
5L O !
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where A, is the pulse peak amplitude. While analytical solutions of pulse width using

either a fast or slow saturable absorber model are shown previously, the achievable
pulse durations can be affected by nonlinear effects and dispersion, which play a dom-
inant role in pulse formation in fiber lasers. One of the most common phenomenon
observed in fiber lasers is soliton pulse mode-locking, where negative dispersion
(group velocity dispersion (GVD)) is involved. In the case of strong soliton pulse shap-
ing, the absorber does not have to be fast since the pulse shaping relies on the combi-
nation of GVD and SPM. This leads to a reduction of the pulse width: by a factor of 2-
3 shorter than using pure saturable absorber mode-locking [24], and is dramatically
larger in a slow saturable absorber than a fast one [175]. For soliton pulse shaping, it
should be noted that the absorber is only used to initiate and stabilize the soliton

against the continuum.

While the combined effects of GVD and SPM can significantly shorten the du-
rations, instabilities such as pulse breaking are often observed. For soliton pulse shap-
ing, the full width at half maximum (FWHM) pulse width is proportional to the square

root of negative dispersion f, , the inverse of the pulse energy E; and the square root

of nonlinear coefficient y :
S Eq. 52

As the pulse duration decreases, the pulse energy increases, and the absorber
will be saturated without providing any further pulse stabilization at a certain power.
The pulse energy continues to increase until either continuum breakthrough or the
pulse breaks up to reduce the energy of each sub pulse, with each single pulse breaking
up into double or multi-pulses. It should be noted that once the absorber is strongly
saturated by a high energy single pulse before pulse breaking, it will also be saturated
for the multi-pulse solution. Pulse breaking can be overcome by precisely adjusting

the intra-cavity power, to lower the peak power and reduce the nonlinear effects.
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5.2.2 2D material integration structures as SA

There are several techniques of fabricating saturable absorber devices using 2D
materials and make them suitable for use in high power mode-locked fiber lasers. The
most popular approaches are illustrated in Figure 5:1. The material might be deposited
on a glass plate and inserted into the cavity as a free-space transmission saturable ab-
sorber. This approach is most suitable for solid-state lasers [113-115]. For example, in
the work of Ugolotti et al., a graphene monolayer grown via chemical vapor deposition
(CVD) was transferred from a copper substrate on to a 1 mm thick quartz plate, with
the use of poly (methylmethacrylate) (PMMA) polymer. Such SA exhibited 0.75% of
modulation depth at 1 pm wavelength and supported mode locking with around 32
pm spot size on the graphene surface. The world’s first TI-based fiber laser used a

Bi2Te3 layer deposited on a quartz plate and inserted into the cavity between two col-

limators [179].
a)

Ul \

Figure 5:1. Common techniques of depositing SA material on optical substrates: a) glass mir-
rors, and b) fiber connectors” end.

The SA material might also be deposited on a mirror as in Figure 5:1 (a) and in-
serted into a linear laser cavity (both fiber based or free space). In the case of a fiber ring-
shaped resonator, one can use a circulator to couple the mirror with the cavity. This
approach was used, e.g., by Xu et al. [180], [181] for the generation of femtosecond
pulses from Er-doped fiber lasers. Graphene-coated mirrors might also serve as satu-
rable absorbers in linear laser cavities as demonstrated by Cunning et al. [182]. How-
ever, usually graphene-coated mirrors serve as saturable absorbers for solid-state la-
sers [183]-[186]. The most impressive results were obtained by Ma et al. [186]. The SA
was based on high-quality, CVD-grown monolayer graphene transferred onto a highly
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reflecting dielectric mirror. The spot size on the SA was about 60 pm. The laser can

generate 30 fs pulses at 50 nm bandwidth centered at 1070 nm.

The probably most popular and common technique of fabricating saturable ab-
sorbers with 2D materials is based on fiber connectors as shown in Figure 5:1 (b). This
approach was already demonstrated with graphene [35], [36], topological insulators
[187], Transition metal dichalcogenide [188], [189], and other recently used materials
such as Black Phosphorus [190]. It is a very convenient method since it is alighment free
and very robust. It allows to keep the cavity fully fiberized, which is very advanta-

geous — the lasers are more compact, stable, and invulnerable to external disturbances.

The newest technique of SA fabrication is based on the evanescent field inter-
action effect. For this purpose, tapered fibers (microfibers) or side-polished (D-shaped)
fibers might be used as in Figure 5:2. The saturable absorption is based on the interac-
tion between the evanescent field propagating in the cladding of the fiber and the de-
posited material. Such saturable absorbers were first used in combination with carbon
nanotubes [191].In 2010, Song et al. [192] demonstrated the usage of a graphene-coated
D-shaped fiber as a saturable absorber. The laser can generate pulses at 1561 nm with
2 nm of full width at half maximum (FWHM) bandwidth. Afterward, the deposition of
TIsand TMDCs on such fibers was demonstrated [193]. The alternative approach, using
tapered fibers, is also used and was demonstrated by several authors [34], [194], [195].
Ve

7

a) b)

,;,-——/’;/;
—— \SA

SA

Figure 5:2. Saturable absorbers with evanescent field interaction: a) fiber taper (b) and side-polished
(D-shaped) fiber.

The performance of fiber lasers with evanescent field interaction is incontro-

vertible: 70 fs pulses were generated with a Sb,Te; deposited on a tapered fiber [196],

whereas it down performed on a D-shaped fiber with the generation of 128 fs pulses

[197]. However, a saturable absorber based on a D-shaped fiber, due to its asymmetry,
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is always characterized by a polarization-dependent loss (PDL), which mostly de-
pends on the material type (its refractive index), interaction length, and the distance
between the polished region and the fiber core. In some reports, the PDL was kept at
quite low levels (e.g., 1 dB in [198] with 6 pm distance between the material and the
core), but sometimes it exceeds several dB [199]. In this situation, it is difficult to distin-
guish whether the mode locking originates from nonlinear polarization rotation or
from the saturable absorption in the 2D material. In 2015, Bogustawski et al. [200] per-
formed an experiment, which has unambiguously proven that mode locking in such os-
cillators is a combination of both effects. The study revealed that the hybrid mode-lock-
ing mechanism (combined NPR with saturable absorption of Sb,Te; topological insu-
lator) allows to achieve the best performance (in terms of bandwidth and pulse dura-
tion), when compared with a truly NPR or a topological insulator saturable absorber
TISA mode-locked laser. In the case of taper-based SAs, authors who investigated ev-
anescent field interaction claim higher optical power-induced damage threshold for
such SA in comparison to connector end-face deposition due to better thermal manage-

ment [192].

A variety of mode-locked fiber lasers implementing 2D materials as saturable
absorbers has been reported in Table 1. The list is not exhaustive, but it presents the
versatility of 2D materials as SA. It groups the materials by type, methods of integra-

tion in cavities and resulting average output power at a specific wavelength.
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Material Deposition A (nm] Output power (mW) | References
method
Graphene Ferrule 1610 52 [35]
Graphene Taper 1557.56 4.2 [194]
Graphene D-shaped fiber 1557 0.5 [201]
Graphene Mirror 1562 - [202]
Graphene D-shaped fiber 1563 11.22 [203]
MoS; Ferrule 1556 5.9 [204]
MoS; D-shaped fiber 1590 6.91 [205]
MoS; Taper 1557-1558 2.51-5.39 [206]
MoS; Mirror 1905 150 [207]
WS; (Film) Ferrule 1052 30 [208]
WS, D-shaped fiber 1557 110 [209]
WS, Mirror 1560 5.28 [210]
WS, Taper 1563 2.77 [211]
BP (Film) Ferrule 1561 5.1 [212]
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BP Taper 1532-1570 5.6 [213]
BP Fiber ferrule 1910 15 [190]
BP Mirror 1053 820 [214]
BizSe3 Taper 1559 5.02 [215]
Bi,Ses Taper 1610 308 [34]
Bi,Ses PCF 1563 5.5-75 [216]
Bi;Te; (Film) Fiber ferrule 1558.5 1.82 [217]
Bi;Tes Taper 1063.4 12.4 [218]
Bi;Tes D-shaped fiber 1547 0.8 [219]
Sb,Tes D-shaped fiber 1047.1 4 [220]
Sb,Tes Fiber ferrule 1558.5 4.5 [221]
Sb;Tes Taper 1542 63 [196]

Table 1. List of mode-locked lasers with 2D materials as saturable absorber. BP: black phosphorus.

5.2.3 Nonlinear measurements of saturable absorber devices

It is possible to see saturation in a saturable absorber by shining a continuous
beam of light on it, but the light’s intensity is usually not high enough since the satu-
ration intensity of a fast-saturable absorber is often in the order of GW. cm?2. A CW
laser provides pulses of infinite duration, which is infinitely long compared to the re-
laxation time of any saturable absorber. Thus, all saturable absorbers behave like fast
saturable absorber when stimulated in this laser regime. To achieve high intensities
required to observe saturable absorption in a fast or slow saturable absorber, it is nec-

essary to generate ultrashort pulses.

Experimentally, absorption as function of peak intensity or absorption as a
function of pulse fluence is the same. Thus, the three basic nonlinear parameters of a
saturable absorber e.g. modulation depth, saturation intensity/fluence, and nonsatu-
rable loss, can be extracted by fitting the experimental data from a two-arm power-
dependent transmission setup. In the case of fiber-based saturable absorbers (e.g., 2D
material deposited on connectors or tapered fibers/D-shaped fibers), the schematic of

an all-fiber power-dependent transmission experiment is depicted in Figure 5:3.
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Reference measurement
power-meter

|
Tunable optical _L

attenuator

High-power
pulsed laser

Fiber coupler |
50/50

2D saturable absorber

Figure 5:3. Two-arm power-dependent transmission measurement of a saturable absorber.

This method of measurement can be presented as the fiber version of the Z-
scan measurement. The light beam from a pulsed laser propagates in the optical fiber
through the variable optical attenuator VOA and is split into two parts by using a fiber
coupler with defined coupling ratio, e.g., 50% /50%. One portion of the average output
power is measured by a power meter for reference, whereas the other portion is in-
jected into the saturable absorber device and measured by a second power meter. The
power from the light source is adjusted using the VOA to change the light intensity on
the SA, which allows us to plot the transmission through the sample as a function of
the incident light average power. Taking into consideration the intensity independent

losses, the absorption coefficient in a fast-saturable absorber is expressed as:

(24

_ S
a=a  + | Eq. 53

1+—
sat
where «, is the non-saturable absorption coefficient, ¢, is the saturable absorption

coefficient, | is the incident optical intensity and I, is the saturation intensity. When

sat

| <1, , the absorption becomes a =, +a,and if | > I, the absorption will be as

sat 7/
a function of the nonsaturable absorption only. The absorption coefficient is normal-

ized to the material thickness L to eliminate the influence of different sample thickness.

With the relation between transmission and absorption, the transmission can

be expressed as:
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s
T =1—ans+ | Eq 54
1+—

sat

The model in Eq.54 is used to fit the measured data to retrieve the different
parameters related to the saturable absorber. Sometimes, this model does not work
well because the incident intensity | needs to be increased to saturate the SA [222].
Therefore, different ad-hoc models originating from an approximation of Eq. 53 are

available in the literature as referenced in Table 2.

Transmission equations Reference
s [223], [224]
=T ans
1+1/1,
I [224]- [226]
T=1-a,exp {——} -,
sat
- [222]
T=1-exp T s
1+ 1/,
o [228], [229]
T= = = .atanh( ]4-(1—(){”5)
V(F/Fu)+(F/F) ot P
a, [230]
B e e ans
J1+31/1,
T =exp[1-(a, +a,)] [231]

Table 2. Transmission fitting equations for fast saturable absorbers.

5.3  Microfiber taper based graphene saturable absorber (MF-GSA)

Graphene is a two-dimensional crystal of carbon atoms arranged in a honey-
comb lattice. It is considered as most revolutionary material of the 21st century, thanks
to its unique opto-electronic properties and the wide variety of applications it can be
used in. Besides the application in pulsed lasers, graphene was successfully used in
many optoelectronic devices, such as photodetectors, modulators, polarizers, sensors,

and solar cells [232]-[236]. The lack of the band gap in pristine graphene [237] might
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generally be unwanted in some electronic applications, but makes it extremely useful
in photonics. Thanks to this unique property, graphene is characterized by a constant
absorption coefficient in a wide spectral range. In consequence, it might act as a satu-
rable absorber in lasers operating at different wavelengths. The historically first mode-
locked lasers with graphene were developed in 2009 [82], [83]. Shortly after those re-
ports, a number of papers appeared, demonstrating novel concepts of ultrafast lasers
utilizing various forms of graphene and its derivatives [238]-[243], [180], [36], [194],
[244], [245], [57], [35], [245]-[249], [201]. However, since the first demonstration of
mode-locking mechanism using graphene as saturable absorber (GSA), passively
mode-locked fiber lasers based on GSA reported low average output power in the or-
der of tens of milliwatts to barely a hundred of milliwatts. A limiting factor leading to
low average output power, is the low saturation power of the graphene if it is depos-
ited on the fiber ferrule since the effective area of interaction is limited to the area of
the fundamental mode [35]. To circumvent this problem, different methods of gra-
phene deposition have been investigated earlier in this chapter. Graphene can be de-
posited on side polished D-shaped fiber [201], [203], [250], on collimator [251], in pho-
tonic crystal fiber (PCF) [249] and on optical tapers [194], [252]. Obviously, collimator
based SA will alter the all-fiber structure of the fiber laser inducing difficulties in the
alignment; the side-polished fiber based SA is not easy to fabricate and has smaller
interaction area between the light and graphene, whereas the PCF SA requires a com-
plex procedure and a considerable amount of time to fabricate. Optical tapers can im-
prove the laser induced damage threshold and saturation power of graphene while
offering an effective absorption effect. In an optical taper, when the light propagating
in the fiber reaches the waist of the taper where the diameter is reduced gradually, the
fundamental mode is transformed adiabatically into a compressed mode with an eva-
nescent field that extents outside the fiber clad. Since the graphene nanoplatelets are
deposited on the surface of the taper, the graphene particles absorb a part of the eva-

nescent field and a saturable absorber is created [253].
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5.3.1 Behind the fabrication of the optical taper

A fiber taper consists of a core embedded in a finite cladding, which is sur-
rounded by air. Its diameter at the waist is comparable to the wavelength of the light.
At the entrance of a fiber taper, the fundamental mode, linearly polarized (LP) mode,
LPo is the only propagation mode in the fiber and propagates as the core mode, which

is defined to be the state when its effective refractive index n lies between the clad-
ding index n,and the core index n,. When the core diameter is reduced during taper-
ing, n, of the core mode decreases continually. The guided core mode exists in the
infinite-cladding geometry with an effective index n,, , which satisfies n, <n, <n.

The thickness of the cladding can be assumed to be infinite and the cladding-air inter-

face is negligible. Each cladding mode with an effective index n, that satisfies
N, <Ny <n, is guided by the core infinite cladding air waveguide. n,, is the refractive

index of surrounding air. In the tapered region, since the core is reduced, the evanes-

cent field extends further outside the core and into the air.

In this section, the taper was designed and manufactured by P. Mouchel at
Keopsys as the main part of his PhD work. By using different sets of parameters, P.
Mouchel has developed an optimized and efficient technique to design low loss optical
tapers easily implemented with a good versatility in fiber cavities. The fabricated ta-

per’s waist is 5.7 mm long with a diameter of about 20.5 pm as presented in Figure 5:4.

Optical fiber taper U-shaped _QlaSS tube

Figure 5:4. Manufactured packaging of the optical fiber taper.

In this model, the transitions are hybrid: the diameter changes linearly with the posi-

tion from 125 um to 70 pm then exponentially to the waist diameter. The evolution of

102



Chapter 5: High output power mode-locked fiber lasers with nanomaterial saturable absorbers

the taper’s diameter as well as the hybrid evolution represented by the fitted curve are

shown in Figure 5:5.
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Figure 5:5. Diameter evolution as a function of the probe position.

It is important to note that the curve is symmetrical. Hence, it allows a high transmit-
tance for which the insertion losses are estimated to be around 0.36 dB. While other

transition shapes are possible [254], [255], minimal insertion losses were obtained with

the hybrid transitions.

Since tapers allow the propagation of modes other than the fundamental mode
at 1550 nm when their waist diameter is less than 30 pm [256], this results in a phe-
nomenon of interference between the propagating modes [257]. Therefore, the trans-
mission of the taper depends on the wavelength injected in the taper and it can be seen

in Figure 5:6.
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Figure 5:6. Measured transmission of the optical taper as a function of wavelength.
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The experimental data is fitted using a typical equation of a two-mode interference:

A
T(,I):T1+T2+2Ji1-T2 -COS(27r5+¢) Eq. 55

where T, and T, are the transmissions of both modes, 1 is the wavelength of the in-

jected signal, P is the period and ¢ is a phase shift.

The optical deposition of graphene onto the taper has been elaborated with a
vast collaboration of P. Mouchel at the laboratory. To prepare the MF-GSA, we used a
commercial multilayer graphene nanoplatelets dispersion (GNP) in water with a con-
centration of 1 mg. mL! from Sigma-Aldrich (799092-50ML) instead of the pristine
graphene monolayer dispersion in alcohol from Graphene Supermarket (PGF-1-50).
The droplets of GNP were injected via a micro syringe on the center of the tube so that
the waist of the taper is completely immersed into the aqueous solution as shown in

Figure 5:7.

Fiber taper

|

Graphene solution

U-shaped glass tube

Figure 5:7. Graphene solution in the tube before the optical deposition.

After that, a continuous wave laser with output power of 95 mW centered at 1550 nm
was injected into the taper and the transmission was monitored during the deposition
time. As water from the solution evaporated, the strain applied on the taper changed
its spectral response which led to a fluctuation in the transmitted power. After 20
minutes, the optical deposition of graphene onto the taper by the optical tweezers ef-

fect [194] started which triggered a significant loss of the transmission average power.
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After a total of 27 minutes, the solution completely disappeared from the tube where

only graphene was left on the taper as it is presented in Figure 5:8.

Graphene
deposition

Figure 5:8. Deposited graphene on the waist of the taper.

5.3.2 Graphene saturable absorption characterization

The process of saturable absorption in a graphene was extensively studied by
researchers in the recent years [258]-[260]. The process is schematically explained in

Figure 5:9.

Conduction
band

Increased
transmittance

Incident

photon
hole

Valence
band

a) b) c)

Figure 5:9. Saturable absorption in graphene under optical excitation. a) Light absorption and excita-
tion of carriers, (b) carrier relaxation to a Fermi-Dirac distribution due to scattering, (c) Pauli blocking.

A single graphene layer absorbs approximately a 2.3% fraction of the incident
light [261]. The illumination causes excitation of the electrons from the valence band
to the conduction band. After a very short relaxation time, these electrons cool down
to a Fermi-Dirac distribution. If high intensity light continues to interact with gra-

phene, the energy states in both bands will be filled, which blocks the absorption. This
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is the Pauli blocking and we have a saturable absorption at this level [238], [260]. Gra-
phene is known to have a fast 70 - 150 fs relaxation time, followed by a slower relaxa-
tion process in the order of 0.5 - 2.0 ps, which was confirmed by pump-probe meas-
urements [258], [259]. The absorption coefficient of graphene remains constant over a
broad bandwidth, ranging from the visible to the mid-infrared [262]. The nonlinear
optical properties of the fabricated graphene based SA are measured in an all-fiber
power-dependent transmission setup as in Figure 5:3 [248]. The radiation source used
is a homemade pulsed laser centered at 1563 nm with 5 ps pulse width and a repetition
rate of 2 MHz, capable of delivering up to 450 mW of mean output power. A 3-dB fiber
coupler is spliced to the output of the laser, where one of the output fibers stands as a
reference and the other is spliced to the taper. The mean power transmitted by both
ends is monitored by two integrating spheres (Thorlabs S145C and 5146C). The meas-
ured saturable absorption curves of the multilayer graphene nanocoated optical taper

with the modulation depth and the theoretical fitting are plotted in Figure 5:10.
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Figure 5:10. Measured power-dependent transmission of the multilayer graphene nanocoated optical
taper.

Since graphene is considered as a fast saturable absorber, its nonlinear trans-

mission is described by different, more complex formula [228], [229]:
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T= % - .atanh(

JP/PL)+(P/Py)

where AT is the modulation depth, ¢, the non-saturable absorption and P, the sat-

1— Eqg. 56
5P ]+( ) q

sat

uration power. For an input power, less than 50 mW, the transmission of the taper is
around 46.2 %. When the input power is increased, the transmission reaches around
49.6 % and fluctuates in a range of 0.4 % of the transmitted power when the input mean
power is greater than 180 mW. This leads to a saturation power around 131 mW, a 50.4

% non-saturable absorption and a modulation depth of 3.4 %.

5.3.3 High average output power mode-locked laser with MF-GSA

The proposed fiber setup is a typical standard unidirectional ring cavity that
we have used in different parts of this manuscript. The schematic presented in Figure
5:11 consists of the MF-GSA spliced with an inline polarization insensitive isolator (PI-
ISO), a polarization controller (PC) and a 70% output coupler. The cavity length is
about 120 m, including 112 m standard single mode fiber (SMF) with GVD of —-22
ps2.km1. The total cavity dispersion is about —2.632 ps2. The performance of the laser
is monitored using the available instruments that have been described along the man-

uscript.

Er:-Yb Co-doped Double-Clad
Fiber amplifier

oC
70/30

Figure 5:11. Experimental setup. OC: output coupler, PC: polarization controller, MGF-GSA: microfi-
ber taper graphene saturable absorber, PI-ISO: polarization-insensitive isolator.
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a. Multipulse soliton distribution

By carefully adjusting the polarization controllers, mode locking appears
when the pump power is increased to 863 mW. Once the mode locking state is
achieved, the laser starts operating in multiple soliton regime as demonstrated in Fig-
ure 5:12 which shows the temporal trace of the output intensity over one round-trip
with the pump power of about 900 mW. The temporal trace repeats from one round-

trip to the other meaning that the solitons are at rest relative to each other.
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Figure 5:12. Temporal profile of the multiple soliton regime at 900 mW of pump power.

The corresponding spectral profile is plotted in Figure 5:13. The spectrum is
visualized with a resolution of 0.05 nm, VBW 200 Hz, 1000 sampling points without

averaging. It is centered on 1559 nm with a 3-dB bandwidth of 0.85 nm.
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Figure 5:13. Spectral profile of the multiple soliton at 900 mW of pump power.

The symmetric Kelly sidebands on the spectrum indicate that the laser operates in the
soliton regime. The peaks on the top of the spectrum reveals the existence of some
continuous wave component. Such component plays an important role on the man-
agement of the interactions between neighboring solitons [41]. The autocorrelation is

shown in Figure 5:14.
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Figure 5:14. Autocorrelation of the corresponding multiple soliton regime.

The pulse duration is 4.3 ps after deconvolution with a time-bandwidth product of

~0.45. The small deviation from the 0.44 transform limit for a typical Gaussian soliton
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shape indicates that the pulses are almost transform-limited. The absence of any ped-
estal in the autocorrelation trace confirms that solitons are not in relative motion [114].
The fundamental repetition rate of the cavity is 1.67 MHz and the signal to noise ratio

is 22 dB as shown in Figure 5:15.
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Figure 5:15. RF spectrum of the multiple soliton regime.

At this stage and for any pumping power above mode-locking threshold, a
careful adjustment of the polarization controller allows to modify the soliton distribu-

tion.

b. Harmonic soliton bunch distribution

We have systematically modified the position of the polarization controller’s
paddles to obtain a harmonic distribution of soliton bunches in which isolated pulses
are grouped into small packets regularly spaced along the cavity. Each packet, usually
called a soliton bunch, contains many isolated solitons in relative motion. An example

of harmonic mode-locking of soliton bunches is given in Figure 5:16 for a pump power

of 1.2 W.
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Figure 5:16. Temporal profile of the emitted harmonic soliton bunches.

The temporal distribution in Figure 5:16 shows a regular series of bunches of about 2
ns width. The observed spectrum shown in Figure 5:17 has the same resolution in Fig-
ure 5:13. It is centered on 1559 nm with a 3-dB bandwidth of 0.7 nm. We also notice

the disappearance of the continuous wave components on the top of the spectrum.
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Figure 5:17. Spectral profile of harmonic soliton bunches.

The large pedestal in the autocorrelation trace in Figure 5:18 reveals that the solitons

are in relative motion. The measured pulse width is 7 ps after deconvolution.
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Figure 5:18. Autocorrelation of harmonic soliton bunches.

The RF spectrum in Figure 5:19 shows a repetition rate of about 366 MHz correspond-
ing to the 219t harmonic order. The signal to noise ratio measured with 1 MHz reso-
lution bandwidth (RBW) is around 22 dB. The measured average output power is 156
mW.
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Figure 5:19. RF spectrum of harmonic soliton bunches.

By finely modifying the polarization controllers and increasing the pump

power, high order harmonic mode-locking of equally spaced soliton bunches can be
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obtained. It is worth mentioning that at different pump powers of the harmonic mode-
locked regime, the spectral and pulse widths of the solitons remain nearly invariant.
At a maximum pump power of 3 W, the 326t harmonic order of soliton bunches is

obtained with an average output power of 520 mW as it can be observed in Figure 5:20.
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Figure 5:20. (a) Evolution of the output power as a function of the pump power. (b) Evolution of the
harmonic order as a function of the pump power.

In Figure 5:20 (a) and Figure 5:20 (b), we report the evolution of the output
power and the harmonic order as a function of the pump power, respectively. While
the pump power increases to 3 W, the average output power reaches 520 mW. We have
carefully verified that if the graphene nanocoated optical taper is removed from the

cavity no mode-locking effect occurs while adjusting the polarization controller.

54  Microfiber taper topological insulator saturable absorber (MF-
TISA)

T1 is a new class of Dirac materials with a small band gap in its bulk state and
a gapless metallic state in its edge/surface confirmed by the investigation of carrier
recombination mechanism using time resolved angle resolved photoelectron spectros-
copy [263]-[265]. The surface state has a Dirac electronic spectrum like graphene, but
the directions of spin and momentum are locked together [266]-[270]. Among all the

identified topological insulators, three have attracted much attention as it can be seen
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in the extensive number of publications in the last decade: bismuth telluride (Bi,Te3),

bismuth selenide (Bi,Se;) and antimony telluride (Sb,Te).
5.4.1 Brief background of the TIs

The excitation process that explains the process of light absorption in topolog-
ical insulators is shown in Figure 5:21. Any photon with energy larger than the insu-
lating bandgap value can excite electrons in the valence band towards the correspond-
ing conduction band at the bulk state [271]. It also means that under weak light inten-
sity, by absorbing any photon with energy larger than the insulating bandgap value,
electrons in the valence band can be excited to the conduction band, which accounts
for the broadband linear absorption mechanism of the topological insulator. However,
under more intensive light with single photon energy larger than this value, due to the
Pauli blocking principle, the generated carriers filling the valence bands prevent fur-

ther excitation of electrons at valence band, leading to the saturable absorption.
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Figure 5:21. Schematic of optical saturable absorption in topological insulator BixSe; [272].

Zhao et al. proposed for the first time an experimental demonstration of a
mode-locked fiber laser incorporating a TISA by dropping BizTes nanosheets onto a
quartz plate [179]. The fiber oscillator generated short pulses in the C-band at 1558 nm
with a pulse width around 1.21 ps. Extensive investigation of the nonlinear properties

of Bi,Te; performed by the same group showed that this material has a modulation
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depth of 61.2% and a third-order nonlinear refractive index as high as 10-14 m2.W-1[273].
In the same family of TI, BixSes presents a linear dispersion Dirac-like electronic-band
structure like graphene. Due to Pauli blocking, when it is excited by strong light with
single-photon energy larger than the bandgap (0.2~0.3 eV), saturation absorption oc-
curs [270]. Zhao et al. have reported that the absolute modulation depth of Bi;Se; can
be as high as 98% [274]; the SA wavelength range is calculated to be from ultraviolet
to4.1 pm [224], [270]. Zhao et al. also reported the first demonstration of a Bi,Se; based
mode-locked fiber laser [274]. Among the most prominent and important research re-
sults on TI we can highlight the first demonstration of harmonic mode locking with
Bi,Te; [215], first demonstration of the usage of Sb,Te; topological insulator for mode
locking [187], harmonic mode locking with Sb,Te; [221], or development of TI-polymer
composites. The shortest pulse achieved directly from an oscillator mode-locked only
by a Tl-based SA is 128 fs and was reported in 2014 by Sotor et al. [197]. Liu et al.
demonstrated the generation of pulses as short as 70 fs at 1542 nm wavelength with a
spectral bandwidth at 3-dB of 63 nm by using a hybrid cavity [196]. The oscillator has
a repetition rate of 95.4 MHz with Sb,Te; TI deposited on a tapered fiber. However,
the mode locking was not truly SA based since the cavity contained an additional po-
larizer and wave-plates. Thus, the mode locking was a result of a hybrid combination

of saturable absorption and NPR.

All the previous results were focused on the generation of ultrashort pulses using
the TI, but few or none investigated the average output power as shown in Table 1. There-
fore, we investigate in this section, the possibility of achieving high average output power

short pulses using Bi;Ses.

5.4.2 Production and characterization of TISA

Our colleague Z.C Luo and his team from South China Normal University
conceived and fabricated the TISA. We are very grateful because they managed to send
us a prototype to use in high power laser cavities. In this section, we will present the

TISA as it has been originally developed.
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Bismuth Selenide Bi>Ses (99.999%, Alfa Aesar) has been used to make the so-

lution as it is exhibited in Figure 5:22.
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Figure 5:22. Schematic representation of the formation of Bi»Se; nanosheets.

The BixSes nanosheets were synthesized by cost-effective hydrothermal inter-
calation and exfoliation method [275]. After preparing the Bi>Ses nanosheets, they were
dispersed in an acetone solution with 0.1 mg.ml-! concentration, and ultrasonicated for
30 minutes. The tapered fiber which has a waist diameter of about 11 pm was made
using a dedicated machine (Optic Fiber Conic Clink). The schematic for the fabrication

of fiber taper is shown in Figure 5:23.

Figure 5:23. Microfiber optical taper schematic.

After having the nanomaterial and the fiber taper prepared, the TI acetone solution is
dropped onto the taper which has been previously fixed onto a piece of glass. By in-
jecting a laser light into the SMF, a strong evanescent field is formed at the waist of the
taper and spreading outside the microfiber, which will trigger the optical deposition
process because of the principle of optical tweezers [276]. The length and thickness of
the deposited TI can be roughly adjusted by controlling both the size of liquid drop
and the deposition time. After the optical deposition, the fabricated TISA is evaporated
at room temperature and the tapered fiber based TISA is finished as it can be seen in

Figure 5:24 a). Figure 5:24 b) shows microscopy image of fabricated microfiber-based

TISA.
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Figure 5:24. a) Microfiber optical taper with deposited TI, forming a TISA. b) microscopic image of
TISA.

When we received the TISA from China, we used a 1.61 pm home-made mode-
locked pulsed source [277] to characterize its nonlinear optical properties. We meas-

ured the transmission of the TISA with different average powers as shown in Figure

5:25 where the data and the corresponding fitting curve have been plotted.
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Figure 5:25. Nonlinear transmission measurement of Bi>Se; on a microfiber taper
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By using the fitting equation for fast saturable absorber T =1-¢, exp [—L} —-a,, ap-

sat
pearing in Table 2, we extracted the nonlinear parameters. The modulation depth is
~4.3% and the non-saturable loss is ~60.7%, whereas the saturation power intensity is

around 5 mW.

5.4.3 Variability of ultrashort pulse generation regimes

The experimental schematic of the fiber laser setup incorporating the TISA is
shown in Figure 5:26. It consists of a unidirectional ring where the TISA and a polari-
zation controller (PC) are spliced and the latter is used to adjust the state of polariza-
tion in the cavity. A 20% output coupler is used to extract the power from the cavity.
It is a good compromise allowing to maximize the output power as well as to get L-
band mode-locked operation [33], [278], [279]. The cavity length is about 29.2 m, in-
cluding 21.2 m standard single mode fiber (SMF) with GVD of —22 ps2.km-. The net

cavity dispersion is about —0.586 ps2.

Er:Yb co-doped double clad fiber W

Figure 5:26. Experimental setup of the fiber cavity. OC: output coupler, PC: polarization controller,
TISA: topological insulators saturable absorber, PI-ISO: polarization-independent isolator.

Er:Yb co-doped double clad fiber lasers have shown their ability to emit mul-
tiple ultra-short pulses in both normal and anomalous dispersion regimes. Hundreds
or even thousands of pulses can indeed coexist in the cavity regardless the mechanism

of mode-locking. The coexistence of pulses produces complex and varied dynamics
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within the cavity. The pulses may be either organized or disorganized in a part of the

cavity or distributed throughout the cavity or grouped in a packet or several packets.

a. Multipulse soliton distribution

By exploiting the topological insulator nonlinear characteristics, mode-locking

appears when the pump power reaches ~1.2 W. Once the mode locking state is

achieved, the laser operates in multiple-soliton regime with dynamical patterns de-

pending on the exact cavity parameters [114]. The fundamental repetition rate of the

cavity is 7.04 MHz. Figure 5:27 shows the temporal trace of multiple-solitons with the

pump power of ~2 W.
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Figure 5:27. Optical spectrum of the multiple soliton regime at 2 W.

The laser emits pulses in the L-band. The corresponding spectrum is shown in Figure

5:28. It exhibits a central wavelength at 1610 nm with a 3-dB bandwidth of 0.91 nm.
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Figure 5:28. Corresponding spectrum of the generated pulse regime

Such long wavelength emission is the consequence of the low-loss cavity. The sym-
metric Kelly sidebands on the spectrum indicate that the laser operates in the soliton
regime. The autocorrelation of the optical pulses is measured at the output of the os-
cillator and the estimated pulse duration is 3.1 ps as it is shown in the autocorrelation

trace in Figure 5:29.
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Figure 5:29. Autocorrelation trace.
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The time-bandwidth product of the pulses is ~0.32, the small deviation from the 0.315
transform limit for a typical hyperbolic-secant soliton shape indicates that the pulses
are almost transform-limited. By varying the pump power while keeping the polari-
zation controller at a fixed position, we noticed that the spectral width and pulse width

of the solitons did not change significantly.

b. Soliton bunch distribution

As the pump power increases in the cavity, the number of solitons in the cavity
grows. By finely adjusting the polarization controller, the solitons in the cavity tend to
form a soliton bunch, in which many soliton pulses group themselves in a tight packet
whose duration is much larger than the individual pulse width. The temporal profile
of the generated optical bunch of solitons is highlighted in Figure 5:30. It exhibits high

intensity bunches of solitons with few nanoseconds width.
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Figure 5:30. Temporal profile of a selected soliton bunch inside the cavity.

The corresponding spectrum and autocorrelation trace are presented in Figure
5:31. The spectral profile does not show any modulation demonstrating that the states
between solitons are not bonded. The spectrum is centered at 1610 nm with a 3-dB

bandwidth of 1.06 nm. The soliton pulses in the bunch have width of ~2.76 ps. The
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large pedestal in the autocorrelation indicates that solitons are in relative motion inside

the soliton bunch.
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Figure 5:31. Optical spectrum and inset autocorrelation trace of the soliton bunch.

c. Harmonic distribution of soliton bunches

When the pump power is between 1.2 and 3.7 W, the states of multiple-soliton
and soliton bunches can be changed to each other by a simple adjustment of the PC.
However, when the pump power exceeds 3.7 W, only soliton bunch operation can be
observed. At this stage, if we change the position of the polarization controller paddles,
the soliton bunch can be split into many small soliton bunches distributed along the
cavity with equal spacing. At a maximum pump power of 5 W delivered by the fiber
amplifier, we obtain the 91t harmonic mode-locking of soliton bunches. Figure 5:32

shows the temporal trace of the soliton bunches with a bunch width of ~0.7 ns.
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Figure 5:32. Temporal profile of harmonic soliton bunches (inset zoom on soliton bunch).

The spectral profile and the autocorrelation are reported in Figure 5:33. The spectrum
is centered at 1611 nm, where the bandwidth at 3-dB is approximatively 1 nm. The
spectral modulation see in the figure, is not big enough to demonstrate any binding
between the existing solitons. These various partially phase-locked solitons are in

every bunch as it is suggested by the optical spectrum.
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Figure 5:33. Spectral profile of harmonic soliton bunches. (inset is the corresponding autocorrelation
trace).
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The corresponding autocorrelation in the inset, shows multiple coherent peaks which
is an indicator that the pulses are relatively close to each other. The measured soliton
width inside the bunch is 3.2 ps. Figure 5:34 shows the corresponding radio frequency

(RF) spectrum.
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Figure 5:34. RF spectrum of the corresponding harmonic soliton bunch.

The repetition frequency of the 91st harmonic mode locking is 640.9 MHz, the super-

mode suppression ratio is 35 dB.
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Figure 5:35. Evolution of the output power and soliton distribution as a function of the pump power.
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The output power increases almost linearly with the pump power as shown in Figure
5:35. Meanwhile, we notice that the threshold of mode-locking is at around 1.2 W of
pump power, while the threshold of only soliton bunch operation is above 3.7 W. At a
maximum pump power of 5 W, the average output power reaches 308 mW which is a
record in fiber oscillator incorporating BixSes as SA. For higher pumping powers, the

absorption of the TISA saturates, and the laser becomes continuous.

55  Chapter summary

Since the first successful isolation of single-layer graphene in 2004, we have
witnessed tremendous progress in the implementation of nanomaterials based satura-
ble absorbers in fiber lasers setups. In this chapter, we report that Graphene and Bis-
muth Selenide saturable absorbers can be implemented in fiber lasers for the genera-
tion of high average output power ultrashort pulses at 1559 nm and 1610 nm respec-
tively. Both nanomaterials were deposited on optical tapers because of the long light-
matter interaction that improves the laser’s induced damage threshold and the nano-
materials” saturation power while offering an effective absorption effect and high av-

erage output power.

By using a deposited graphene on fiber taper as saturable absorber device, the
generation of the 326" harmonic bunch of solitons with an average output power of
520 mW and 22 dB of signal to noise ratio has been demonstrated in a fiber ring setup.
The isolated pulses inside the bunch had 7 ps pulse width. The long cavity length plays
an important role in increasing the nonlinearity. Therefore, the low modulation depth
of the saturable absorber and the accumulation of nonlinear phase-shift during the
cavity round-trip causes the generation of multiple pulses. On the other hand, long
cavity length could have potential to generate energetic pulses with low repetition rate

if the single pulse operation can be maintained.

At the same time, ultrashort pulses were emitted by using a BixSes saturable
absorber device instead of the graphene. Therefore, we report the generation of differ-
ent regimes of ultrashort pulses up to the 91t harmonic mode-locking of soliton

bunches with an average output power of 308 mW.
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These are the highest average output power recorded in an all-fiber laser in-

corporating graphene or BixSes coated optical taper as saturable absorber.
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Chapter 6 Conclusion and outlook

The overriding purpose of this thesis is to investigate the spectro-temporal dy-
namics of solitons in co-doped Er:Yb fiber lasers to generate high average output
power and high energy pulses. To carry out the goal, it is necessary to reach some
prerequisites. Finding the nature of interactions between propagating pulses in a fiber
cavity and how they relate to the emission of specific optical distributions, assumed a
high degree of importance during the literature review conducted for this thesis. Re-
lated to that effort, it was important to reach an understanding about the importance
of cavity design and optimization. In this course, we report a variety of experiments
directed toward the study of harmonic mode-locked laser stability by external injec-
tion, the generation of high energy pulses in the dissipative soliton resonance regime
and the emission of high average output power pulses in fiber lasers. This covers a
large spectrum of different results: optical pulses from picosecond to nanosecond, low
and very high pulse energy, low and high repetition rate cavities, artificial saturable
absorbers and nanomaterial based saturable absorbers. To conclude this work, we
wish to return to some important results that we have put forward, in the external
injection influence on laser distribution, the high energy pulses generation and high
output power nanomaterial saturable absorber fiber laser, and to draw on these some

research perspectives and recommendations.

By reproducing the context in which Niang et al. [48], [49] have demonstrated
the influence of optical injection on a mode-locked fiber laser, we have investigated
another aspect of the external injection influence on an established harmonic mode-
locked distribution. The results presented in Chapter 3 demonstrate a significant im-
provement of the output pulse SNR when the external CW signal respects certain con-
straints. In fact, when it is tuned in the spectral bandwidth of the oscillator, it can in-
crease the SNR if its amplitude is less than the internal CW component. Under these
circumstances, we obtain a passively mode-locked fiber laser using the NPR mecha-
nism with output pulses of 1.4 ps width and a repetition rate of 1.76 GHz demonstrat-

ing an improvement of the pulse stability up to +14 dB.
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Traditionally, and still currently, solid state systems have been used to provide
high energy and peak power laser systems to the industry. However, compared to
these solid states systems, fiber lasers can provide better pulse quality since the tight
confinement of the beam within the core provides better output modal quality with
excellent heat dissipation and higher repetition rates. To produce low cost, compact
mode-locked fiber laser systems that can provide pulse energies compatible with ap-
plication requirements and comparable to solid state counterparts, we have investi-
gated in Chapter 4, the dissipative soliton resonance operational mode and built two
laser setups using different mode-locking mechanism NPR and NALM, from which
we successfully generated very high pulse energies with tunable pulse width. In the
NPR setup configuration, square-wave pulses SWP were obtained at a 373 kHz repe-
tition rate frequency, providing 2.27 uJ energy and a tunable width in a range of 190
ns. In the NALM configuration, we demonstrated that by adjusting the amplifiers” gain
in the loops, we can control the pulse characteristics accordingly. As a result of various
cavity optimizations [148], we obtained a SWP emission at 133 kHz repetition rate fre-
quency with 10 pJ energy and a width up to 416 ns. Meanwhile, we studied the multi-
pulsing instabilities in the ring configuration. By reducing the length of the cavity to a
very few hundreds of meters, we were in a zone of parameters in which both solitons
and square-wave pulses can co-exist. We noticed that by controlling the linear and
nonlinear losses in the cavity, the obtained SWP at the fundamental frequency can be
split into several SWP with equal width and spacing having a DSR profile. Conse-
quently, we reported the generation of the 13th harmonic order of DSR SWP at 672 kHz

repetition rate frequency.

Meanwhile, Komarov et al. [156] demonstrated the possibility of generating
the same type of square pulses with a spectral doublet structure. By increasing the
pump power in the fiber laser cavity, the pulses manifest the features of the DSR while
the spectral lobes” 3 dB bandwidth and positions remain unchanged. In this context,
we investigated the spectral dynamics of the square pulses in the DSR regime. We have
shown there is a possibility of generating square pulses with a spectral-doublet struc-

ture where the pulse width increases with the pump power and the spectral spacing
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between both lobes varies. The experimental results were in complete agreement with
the numerical results in [156]. This extensive study evolved into the first numerical
and experimental demonstration of staircase pulses, where a two-intensity level pulse
is emitting while having a spectral profile comparable to square pulses with spectral

doublets.

All the pulses obtained in Chapter 4 operate in dissipative soliton resonance
regime using artificial saturable absorbers such as NPR or NALM. Besides these satu-
rable absorbers, real nanomaterial based saturable absorbers have proven in the
last decades their ability when implemented in laser cavities to obtain ultrashort
pulses. The world of photonics, among others, is particularly keen in exploiting the
peculiar absorption characteristic of 2D or 3D materials for various applications, from
photo-detectors and Terahertz devices to transparent conductors and plasmonic de-
vices. In Chapter 5, we demonstrated the possibility of emitting high average output
power ultrashort pulses from fiber lasers implementing Graphene and Bismuth Sele-
nide as saturable absorbers. Both nanomaterials were deposited on optical tapers be-
cause of the long light-matter interaction that improves the laser’s induced damage
threshold and the nanomaterials” saturation power while offering an effective absorp-
tion effect and high average output power. Consequently, we successfully obtained
the 326th harmonic bunch of solitons with an average output power of 520 mW and
22 dB of signal to noise ratio was demonstrated in a fiber ring setup with graphene
deposited on fiber taper. We also generated up to the 915t harmonic mode-locking of
soliton bunches with an average output power of 308 mW by using a BixSes as satura-

ble absorber.

Recommendations for Future Works

All the works about optical injection focused on the soliton regime,
whereas it could be very interesting to explore in the future, the influence of exter-
nal CW injection in longer cavities emitting square wave pulse in the DSR regime.
In parallel, much work has been carried out on the generation of high energy pulses

in the DSR regime. However, it can be further explored in the future. The performance
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of square-wave pulse energy can be improved by implementing cascaded amplifiers
inside the cavity. Future study on mode-locked DSR pulses may also focus on higher
pulse repetition rate and better signal to noise ratio SNR to meet industrial standards.
At the same time, it would be much of an interest to explore the implementation of

nanomaterial SA in lengthy cavities to generate energetic pulses.

Moreover, the results concerning the emission of staircase pulses are very in-
teresting and need more investigation. By filtering the output pulse, it can be of a great
interest to investigate its nature and the mechanism on which it is built. Based on the
recent works [152], [280] where DSR pulses can be spectrally tuned in a range of few
tens of nanometers by adjusting the cavity losses and the birefringent filter [277], it
would be very challenging to demonstrate this behavior by using a tunable output

coupler in very long cavities pumped by Er:Yb amplifiers.

Future directions can include the approach attempted in Chapter 5 with ta-
pered fibers, for example by choosing more appropriate deposition techniques of
nano-materials. Indeed, a very promising deposition technique is spray-coating: apart
for the tremendous advantages in terms of cost and scalability of such process, this
method, if properly optimized, allows a very even, precise and fast deposition of the
material. Other possible works in this fields could include the use of other layered
materials, such as Black Phosphorus, MoS; and other TMDs (Transition Metal Dichal-
cogenenides): the former, for example, shows a direct bandgap only when it is isolated

in the form of a monolayer, and excellent saturable absorption responses.

With this, it is hoped that this work will bring its contribution to the field of

high power and energy fiber optics.
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Dynamiques des solitons dans les lasers a fibre: du soliton dissipatif jusqu'a la résonance

Soliton dynamics in fiber lasers: from dissipative soliton to dissipative soliton resonance

Résumé

Dans cette these, nous étudions expérimentalement la
génération d'impulsions carrées trés énergétiques et
accordable a I'échelle nanosecondes et d'impulsions ultra-
courtes a haute puissance moyenne de sortie dans les
lasers a fibre utilisant les nanomatériaux comme absorbant
saturable. Tout d'abord, puisque la dynamique des
impulsions est dominée par l'interaction de la non linéarité
et de la dispersion chromatique cubique de la fibre avec un
mécanisme de discrimination d'intensité appelé absorbant
saturable, la stabilité d'une distribution harmonique en
mode verrouillé est étudiée par injection externe d'une
onde continue.

Deuxiemement, une étude expérimentale de la
génération des impulsions carrées trés énergétiques est
mise en évidence. Deux cavités laser ont été construites,
l'une basée sur la rotation non linéaire de la polarisation
RNLP et l'autre sur le miroir a boucle non linéaire amplifiée
(NALM) en configuration laser en forme de huit. Avec la
RNLP, nous avons démontré la génération d'impulsions
carrées fonctionnant dans le régime de la résonance des
solitons dissipatifs (DSR), ayant 2,27 pJ comme énergie
avec une durée accordable dans les nanosecondes. Dans
la configuration NALM, nous avons présenté la possibilité
d'émettre des impulsions carrées DSR jusqu'a 10 pJ
d’énergie par impulsion tout en contrdlant la durée et la
puissance créte. On aussi mis en évidence qu’en modifiant
les parameétres de la cavité, des instabilités pourraient se
produire, formant une répartition harmonique des
impulsions carrées dans un cas et modifiant la structure de
I'impulsion carrée dans d'autres cas pour générer des
impulsions d'escalier.

Enfin, nous avons utilisés des absorbant saturable a
base de nanomatériaux déposés sur des tapers optiques
dans les lasers a fibre pour générer des impulsions ultra-
courtes avec une puissance de sortie moyenne élevée.

Mots clés

Optique non linéaire, lasers a fibre, génération d'impulsions
ultra-courtes, résonance de soliton dissipative, impulsions a
haute énergie, graphéne, tapers optiques, blocage de
mode, isolants topologiques, stabilité

Abstract

In this thesis, we investigate experimentally the
generation of high energy nanosecond tunable square
pulses and high output power ultrashort pulses in fiber
lasers. First, since pulse dynamics are dominated by the
interaction of the fiber's cubic Kerr nonlinearity and
chromatic dispersion with an intensity-discriminating
mechanism referred to as a saturable absorber, the stability
of a harmonic mode-locked distribution is studied by
external injection of a continuous wave.

Second, a comprehensive study of energy scaling in
fiber laser cavities mode-locked by a saturable absorber is
presented in this thesis. Two laser cavities have been
constructed, one based on the non-linear polarization
evolution (NPE) and the other based on the nonlinear
amplified loop mirror (NALM) in a figure-eight laser
configuration. With the NPE, we demonstrated the
generation of 2.27 pJ energy square pulses in the
nanoseconds range operating in the dissipative soliton
resonance DSR. In the NALM configuration and while
using dual amplifiers, we presented the possibility of
emitting up to 10 pJ of width and peak power tunable DSR
square pulses. However, it is shown that by modifying the
cavity parameters, multi-pulsing instabilities could occur in
such cavities, forming a harmonic distribution of square
pulses in one case, and modifying the structure of the
square pulse in other cases to generate staircase pulses.

Finally, we implemented nanomaterial based saturable
absorbers in fiber laser configuration to generate ultrashort
pulses with high average output power. Different
techniques of achieving such components are explicitly
detailed: ultrashort pulse generation in ring cavities where
graphene and topological insulators are deposited on
optical tapers to form a saturable absorber.

Key Words

Nonlinear optics, Fiber lasers, ultra-short pulse generation,
dissipative soliton resonance, high energy pulses,
graphene, optical tapers, mode-locking, topological
insulators, optical stability.



