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Continuous advancement in understanding the pulse dynamics and characteristics in the
development of mode-locking techniques supports accelerating the widespread utilization of ultrafast laser fabrication over a broad range of applications, such as optics, optical communication, and material processing. Also, ultrafast pulsed fiber lasers have
acquired an unique attraction among other types of lasers due to their diverse astonishing features such as adaptability, higher reliability, and excellent beam quality. The work
devoted in this thesis presents a detailed analysis of passively mode-locked Yb-doped
polarization-maintaining fiber lasers operating at 1.04 µm wavelength in all-normal dispersion (ANDi) regime. The focus of this study is to investigate and evaluate the pulse
dynamics and characteristics of different mode-locking methods. For this, we examine
three fiber cavity configurations (a ring, a figure-eight, and a linear cavity) by exploiting
the passive mode-locking approach. Accordingly, the semiconductor saturable absorber
mirror (SESAM) and the nonlinear amplifying loop mirror (NALM) are applied to mode-

lock the lasers passively. Experimental results are obtained by employing an optical spectrum analyzer (OSA), radio frequency (RF) spectrum analyzer, frequency-resolved optical
grating (FROG) technique, and dispersive Fourier transformation (DFT) method to evaluate the pulse characteristics. The FROG measurements are conducted to determine the
primary pulse chirp picture that explains the chirp and the compressibility of the laser.
Besides that, we also compared start-up, transition, and build-up mechanisms of these
different mode-locked techniques through the time-stretched DFT evaluations.
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1

Introduction

A LASER, where the acronym stands for Light Amplification due to Stimulation Emission of Radiation, is an indispensable scientific breakthrough having a revolutionary impact on the day-to-day life of humankind. Despite the fact, the fundamental theoretical
concepts that make the laser possible such as absorption coefficient, spontaneous emission, and stimulated emission, were originally derived by Albert Einstein in 1917 [1]. The
very first laser has been experimentally demonstrated only 40 years later by Theodore
Maiman in 1960 based on the theoretical context by Charles Hard Townes and Aurther
Leonard Schawlow [2]. It was a solid-state pink ruby laser that consisted of synthetic ruby
as the laser-active medium. Since then, the laser technology has undergone a dramatic
progress and various types of lasers have been developed. They can be classified according to their laser cavity configurations (i.e., ring cavity and linear cavity), gain medium
(i.e., solid, liquid and gas), functioning scheme (i.e., pulsed and continuous wave), and
pumping mechanism (i.e., electrical and optical) [3]. As a subcategory of solid-state
lasers, Snitzer et al. [4] introduced an optical pumped Nd-doped glass fiber laser using
different sizes of rod-type fibers in 1961, and three years later, they developed the first
fiber amplifier.
For most of applications nowadays the most critical parameter is laser emission duration
dividing into categories of continuous-wave and pulsed lasers. In continuous-wave lasers,
a constant beam power is delivered over a specific time period, and the main parameters
such as power and intensity of the laser are the same and remain constant. Despite having
continuous power output, pulsed lasers emit optical power in the form of pulses at a
specific repetition rate. Rather than working under a continuous-wave region, most of the
applications [5,6] prefer the laser emission to be pulsed or modulated. There are two main
methods, Q-switch and mode-lock that are used to achieve pulsed lasers. Q-switched is
long (typically ns-pulses) and energetic, while mode-locking allow achieving of ultrashort pulses (tens of fs and ps) with high peak power. The Q-switched pulsed laser was
first proposed by Hellwarth in 1961 [7], and two years later, McClung and Hellwarth [8]
presented the first practical demonstration of the Q-switched pulse. In addition to that, in
1963, the first indication of the mode-locking in a laser turned up, and Mocker et al. [9]
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and DeMaria [10] introduced the passively mode-locked lasers using saturable absorbers.
Besides that, Diabolize et al. [11] introduced the concept of pulsed fiber laser in 1983.
When considering the short and ultrashort pulse regions (pulses with a few ps or less),
utilization of the fiber lasers for pulse generation was the next most challenging task that
researchers had to attain. This was due to the fact that the light confinement inside a
limited volume affected on power scalability of the fiber lasers as they commonly lead to
several non-linear characteristics. By using highly doped active fiber lasers and chirped
pulse amplification, a high power ultrafast fiber lasers were realized in 1990 [3].
The applications of pulsed fiber lasers are numerously distributed in diverse fields including optical communication, medical imaging [12], spectroscopy [13], pulsed laser deposition, precision metrology and micro matching [14], etc. As valuable and potential laser
sources, fiber lasers influence the advancement of laser applications. High-performance
and high functional fiber lasers consist of good potentials and make them essential in
many real-world applications. The development of new laser technologies accelerated by
further technological progress, and effective innovations are highly demanded.
Among all the other existing laser types, fiber laser is esteemed as one of the perspective
types of laser due to its various features. The fiber lasers are capable of generating different wavelengths and, therefore they are highly employed in industrial operations such as
cutting, cleaning, welding, drilling, and marking [15]. Fiber lasers are highly adaptable,
which means that they can be comfortably applied from industrial applications to telecommunication and medical implementations. Since these are quasi-three-level lasers [16],
fiber lasers are high energy-efficient compared to other types of lasers. Alongside all the
features mentioned above, fiber lasers have a compact size, long life expectancy, the ability to deliver high power output, high reliability, and perfect beam quality [17] that make
fiber lasers exceptional.
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2

Optical fiber

Optical fibers are the core elements of fiber optics. As flexible optical waveguides, they
are utilized to transmit light over hundreds of kilometres. Even though the optical fibers
are made of glasses (silica), they are not fragile. Instead, it is possible to bent appreciably
even around the fingers by avoiding breakages. Silica is the standard glass type used for
optical fibers due to its exceptional properties, minimal propagation losses, and elevated
mechanical potential over pulling and bending [18].
The optical fiber structure consists of four main components: “Core,” “Cladding,” “Buffer,”
“Jacket.” The position of each of these components in the optical fiber structure is visually
presented in Figure 1. The “Core” is surrounded by another layer called the “Cladding”
that has a lower refractive index than that of the “Core”. The “Cladding” is essential to
prevent the transmission losses from the “Core” to the outer space. To protect the optical
fiber from further damage and reduce scattering losses, the “Cladding” layer is encircled
by the “Buffer” layer. The outermost layer of the fiber is “Jacket” that helps to recognize
and classify the different fiber types [19].

Core
Cladding
Buffer
Jacket

Figure 1. Structure of the conventional optical fiber. [19]

The working principle of the optical fiber is directly related to the total internal reflection (TIR) incident at the core-cladding boundary [20]. This phenomenon happens in the
interface between two transparent media when a light ray in a medium with a higher refractive index (n1 ) approaches a medium with a lower refractive index (n2 ). However, this
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occurs only if the angle of incident (θ1 ) exceeds the critical angle (θc ) as shown in Figure
2, where the general TIR concept is shown in (a), and corresponding light confinement
inside the optical fiber is shown in (b).

Total reflection

𝜃2

90o

n2
n1
𝜃1

𝜃c

(a)

(b)

Figure 2. The working principle of the optical fiber: (a) total internal reflection, (b) ray confined
inside a optical fiber. [21]

The optical fibers can be categorized according to the various parameters such as the
fiber’s refractive index profile, the material used to manufacture the fiber, and the number
of propagation modes of light through the fiber. Active fibers and passive fibers are one
of another categories. In particular, the optical fibers are grouped into step-index fibers
and graded-index fibers based on the refractive index profile. Depend on the manufactured materials, plastic and glass optical fibers are realized. As specified by the mode of
propagation of light inside the fiber, single-mode fibers, and multimode fibers are recognized. The detailed explanations about different fiber types are presented in the following
sections.

2.1

Active fibers

When the optical fiber core is doped with laser-active elements (lanthanide series in the
periodic table), the fiber becomes active and can be utilized for light guiding and amplifying in ultrafast lasers [22]. The history of the discovery of rare-earth-doped fibers began
in the 1960s, and the invention made it possible to develop new lasers with excellent beam
quality. Active fiber-based applications have become increasingly popular, especially in
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telecommunication, non-linear microscopy, and material processing [23].
The dopant ions are rare-earth elements such as ytterbium (Yb), erbium (Eb), thulium. Because of those elements’ electron structure, it is possible to become triply ionized atoms
by bonding to the glasses and crystals with higher absorption and emission efficiency [24].
Therefore, when the fiber material is doped with these, it effortlessly becomes active.
The most exciting characteristic of these speciality fibers is that they absorb the pumped
photons typically at shorter wavelengths and excite the electrons into metastable states,
contributing to amplifying light through the stimulated emission [25].

Ytterbium doped fibers
To date, ytterbium is one of the most popular rare-earth metals used in silica fibers, that
provides a gain at the 1 µm wavelength range [18]. In recent developments, there has been
an increased interest on these fibers due to their amplification over the range from 975 nm
to 1200 nm. As illustrated in Figure 3(b), the typical absorption spectrum can be exhibited
from 900 nm to 1000 nm, while the peak absorption is centred around 975 nm. Compared
to other rare-earth ions, Y b+3 spectroscopy is easy to comprehend. Moreover, only sublevels of ground-state manifold (F7/2 ) and excited-state manifold (F5/2 ) are applicable
for all-optical wavelengths,as shown in Figure 3(a). However, the sub-levels depend on
the glass composition of the host material to some extent [26].
Besides the broadband absorption spectrum, Ytterbium-doped fiber amplifiers (YDFA’s)
avoid many complications of other RE doped fibers by offering higher output energy and
power conversion efficiency [27].
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Figure 3. (a) Energy level diagram of ytterbium and (b) absorption and emission cross section of
Yb3+ . [28]

2.2

Passive fibers

Passive fibers are ordinary optical fibers that do not contain laser-active ions (rear-earth
elements) in the fiber core. This means that they can only propagate light passively. There
is no light amplification through the transmission instead, some propagation losses can be
observed. However, in contrast to the active fibers, the propagation losses in passive fibers
are lesser. Generally, passive fibers can be categorized based on specific characteristics
like refractive index profile and mode number [18].

2.2.1

Passive fiber by refractive index profile

There are two main refractive index profiles can be realized: Step index fiber and Graded
index fiber. The step-index fiber is the simplest one where the refractive index is uniform
throughout the fiber core and the cladding. Here, the velocity of the incident optical
ray in the fiber depends on the ray’s incident angle [29]. As shown in Figure 4(a), the
light initiated at a small incident angle propagates with a higher velocity (red ray) by
following a shorter propagation path while the other ray undergoes a long route. Due
to the different arrival times in step-index fibers, they lead to dispersion, resulting in a
blurred and degraded signal at the end of the optical fiber. When the core’s refractive
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index gradually varies in the radial direction and exhibits a maximum value at the fiber
center is defined as a graded-index fiber (shown in Figure 4(b)) [30]. In this case, the light
rays that travel along with the fiber core have relatively slow velocities due to the high
refractive index of the region. This refractive index profile allows all the rays to reach the
fiber end at the same time. This reduces the dispersion and overcome the limitations of
the step-index fiber. [31].

Figure 4. Light transmission inside fiber: (a) a step index fiber and (b) a graded index fiber. [21]

2.2.2

Passive fibers by mode number

Based on the number of optical routes permitted to the mode propagation, the optical
fibers are classified into two categories: single-mode (SM) fiber and multi-mode (MM)
fiber. The visual presentation of the SM and the MM fibers is shown in Figure 5. Singlemode fiber or mono-mode fiber posses a narrow core diameter (usually below 10 µm)
which permits only one mode of light to propagate [19]. Consequently, the reflections
generated as the light passes through the fiber are limited, and the beam attenuation is
reduced, thereby enabling beam to travel further. Moreover, since these fibers accept
single light modes in particular wavelengths, they can have higher bandwidths [32]. In this
regard, single-mode fibers are preferred for long-distance telecommunication purposes or
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short-pulsed seed lasers. On the contrary, the MM fibers are designed to carry several
modes simultaneously. Due to the large core diameter of MM fibers (typically 50 − 62.5
µm), several light rays are allowed to propagate along random paths enabling intermodal
dispersion, leading to temporary pulse broadening and data distortion. Therefore, these
fibers are applicable for local area networks in short broadcast distances [33].

Figure 5. A schematic of the (a): multi-mode fiber and (b): single-mode fiber. [21]

To determine the number of accepted modes, a special normalized frequency parameter
called V number [18] is employed and it is presented by Equation (1), here a is the core
radius, λ the vacuum wavelength, NA the numerical aperture, ncore the refractive index of
core and ncladding the refractive index of the cladding, [34].

2π
2π q 2
V =
aN A =
a ncore − n2cladding
λ
λ

(1)

When the V number is less than 2.405, the fiber may allow only one mode, and hence the
single-mode propagation of fiber can be examined for the specific wavelength. Otherwise,
in the multimode fibers, the V number is considerably high [18].
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2.3

Polarization Maintaining fiber

Polarization maintaining (PM) fibers are particular types of conventional optical fibers
that preserve and maintain a well-oriented linear polarization state of an input signal
across the propagation [18, 35]. For specific applications such as fiber lasers, fiber interferometers and modulators, and sensors, it is necessary to preserve a constant polarization state of light [19]. According to the theoretical aspects, optical fibers are symmetric
and free from birefringence, and are assumed to maintain a polarization state during the
propagation. However, in practice, the fibers invariably experience some birefringence
due to local imperfections that leads to gradual changes in polarization of light by inducing power cross-coupling. Therefore, the output polarization state is always unpredictable [21]. Consequently the PM fibers have been introduced to mitigate this issue.
Elliptical core

Circular core

Non-PMF

Elliptical core PMF
“Form-birefringence”

Circular core

Stress-applying
part

PMF by internal stress
“Stress - birefringence”

Figure 6. Schematic illustration of Non-PM fiber and PM fiber.

The PM fiber is a speciality fiber that breaks the symmetry of the optical fiber by intentionally introducing a systematic linear birefringent along the fiber length (as shown in
Figure 6) to induce the strong built-in birefringence [18]. There are two main orthogonal birefringence axes to guide the light through the fiber as illustrated in Figure 7. The
polarization direction with a more extensive propagation constant is denoted by the slow
axis, and the fast axis is the one with smaller propagation constant. Having said that, the
slow axis is preferable for quality light confinement under the external perturbations. In a
typical optical fiber, both axes contribute the transmission with the same speed and makes
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it effortless to energy cross-coupled between the propagation modes [36]. Therefore, the
PM fibers are designed to enforce the perpendicularly polarized modes to guide with different velocities and make it impossible to crosstalk. Generally, two main categories of
PM Fiber types can be recognized according to the method of achieving birefringence:
Stress-birefringence fibers and form birefringence fibers. In stress-birefringence fibers,
the birefringence is created by introducing two stress rods along the cladding region of
the fiber on the opposite sides of the core. Simultaneously, form-birefringence is induced
using an elliptical core configuration by itself without applying stress rods (see Figure 6).

Stress-Birefringence Fibers: “Bowtie,” “PANDA,” and “Elliptical Jacket”

“Bowtie,” “PANDA,” and “Elliptical Jacket” [35, 37, 38] geometries are the most famous
types of PM fibers used recently and their schematic structures are presented in Figure 7.
The contexts behind all of these fiber architectures are the same, meaning that the fiber
cores are surrounded by glass composition with a high thermal expansion coefficient that
shrinks faster than the other parts of the fiber [39]. When the fiber is cooled down, those
stress components induce a specific mechanical tension on the core that causes the built-in
birefringence. The strength of the birefringence depends on the applied stress. Therefore,
a higher mechanical stress leads to a high mode propagation constant and the birefringence and vice versa [35]. All these three designs can generate enough birefringence
for the particular application and the selection of the type of PM geometry is defined according to the practical circumstances [40]. For example, “PANDA” is utilized for fiber
lasers and telecommunication purposes, and the “Bowtie” fibers are conceived with a high
numerical aperture for sensor applications.

19
Slow

Slow

Fast

Bow-Tie

Slow

Fast

Panda

Fast

Elliptical Jacket

Figure 7. Cross-sections of the “Bowtie,” “PANDA,” and “Elliptical Jacket” geometries.

Form-birefringence fiber: Elliptical core

So-called form birefringence is recognized as a result of a highly elliptical core for the
two axes (see Figure 6). In this case, the fiber is manufactured in such a way that the
core is elliptical and the cladding is circular shape. The asymmetric core structure creates a geometrical anisotropy and an asymmetric tension on the core leading to different
propagation constant on fiber axes. Unlike the other polarization-maintaining fibers, the
total birefringence is determined as a combination of geometric birefringence and stressinduced birefringence [41].
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3

Ultrashort pulsed fiber lasers

The mode-locking principle in fiber lasers is primarily used to generate ultrashort pulses,
which also can be called dissipative solitons [42]. In general, a laser cavity resonator contains an oscillating set of frequencies that reflects more gain than the losses after a cavity
round trip, and these frequencies are called as longitudinal modes. For a typical Fabry Perrot cavity, the mode separation (∆F ) is defined as c/2L, and for a loop cavity, it is c/L,
where, the L and c are the cavity length and the speed of light, respectively [43]. When
these longitudinal modes oscillate individually, the laser is introduced as a continuous
laser. In contrast, if the phases of neighbouring modes are fixed, and the intensity is localized at the points where all the modes reach at constructive interference (see Figure 8),
the laser is defined as mode-locked or phased-locked [44]. Due to the fixed phase relation, the laser’s periodical behaviour is steady over time, and the repetition rate is given
by the cavity round trip time. However, when enough longitudinal modes are locked, a
pulse with substantially high power may be produced. In practice, the mode-locked laser
cavities contain additional passive/active elements to modulate the resonator losses periodically [45]. Next, these different types of mode-locking techniques and associated
theories are further discussed.

21

Figure 8. Schematic of a constructive interference of mode-locked laser output. [46]

Active mode-locking was originally examined by Kuizenga and Siegman in the 1970s.
This word “Active” explicates a method of ultrashort pulse generation by employing an
external controllable electric signal. The fundamental structure of the active mode-locked
laser method is realized by using a phase or an amplitude modulator. Once the frequency
of the modulator is tuned to be synchronized with the laser’s repetition rate, only the
modes that have the modulated phase are survived in the cavity [47]. However, cavity
round-trip frequency depends on the potential of the modulation [48]. Since the pulsed
laser output relies on an external signal, the active mode-locking provide advantages for
activities in different fields, specially in telecommunication [49].
Passive mode-locking is widely utilized to accomplish shorter optical pulses than active
mode-locking does. In the passive mode-locking, the non-linear elements (such as saturable absorbers inserted within the cavity) provide the pulse establishment, leading to
no external modulations involve. Therefore unlike the previous method, in “Passive”
mode-locking technique, the loss modulation is handled by nothing external but saturable absorbing element by itself. Moreover, the semiconductor saturable absorbers,
the graphite nanotubes, additive pulse mode-locking (APM) [50], non-linear polarization
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evolution (NPE), non-linear optical loop mirror (NOLM), non-linear amplifying loop mirror (NALM) [51], and self-phase modulations(SPM) [52] are the alternative methods for
passive mode-locking.

3.1

Dissipative solitons

The concept of “soliton,” first introduced by Zabusky Kruskal in 1965, is generally allocated to indicate the localized solutions in non-linear integrable systems. These solutions
satisfy the fundamental conditions to be accepted as solitary waves: the shape and the
velocity, which are maintained and conserved after the collisions between solitons, stay
unchanged during the interaction with radiation waves. The balance between dispersion
and the non-linearity of the system consequence the formation of conventional optical
solitons [53]. When the solitary waves appear in a non-integrable dissipative system, they
are entitled as dissipative solitons [54]. Nevertheless, in contrast to the balance between
dispersion and non-linearity, the dissipative optical solitons desire an energy balance between non-linear gain and loss to maintain the localized structures (pulses, fronts) [55] for
extended periods. Figure 9 shows a general illustration of a soliton in a dissipative system. To prevent the system from over heating or over-cooling, this energy balance needs
to be accurate, otherwise, the soliton can disappear from the system. However, the main
parameters of these solitons, such as shape, amplitude, and width, are almost constant
under any external perturbations. Moreover, dissipative solitons can exist in nature as a
natural localized formation or be artificially generated under exceptional circumstances
to utilize in modern technology [56].
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Nonlinearity

Fixed soliton solution

Gain

Loss
Dispersion

Figure 9. General illustration of a soliton in a dissipative structure.

The dissipative solitons have been studied thoroughly in the fields of optics (physics),
biology, medicine, and chemistry. For a specific consideration, in optics, the soliton distribution occurs in lasers and fiber lasers, including ultrashort pulse generation. Indeed,
in all applications, to maintain stable localized structures, a continuous energy pump is a
mandatory requisite for the system. Besides that, the generation of lasers with short pulse
duration and high pulse energy is confined with the generation of multiple solitons and
soliton energy quantization effect. Thus, this implies that the number of optical pulses
propagating inside a laser cavity depends on the strength of the optical pumping and the
energy balance of the gain and loss realize energy of the dissipative soliton [57].

3.2

All-normal-dispersion fiber lasers

When forming femtosecond pulses, the necessity of compensating group-velocity dispersion (GVD) is one of the most common aspects. In such cases, prisms, chirped mirrors,
and diffraction gratings have been used to manage the GVD [58]. Furthermore, considering the latest femtosecond pulse lasers, the pulse generation is engaged with the dispersion
and the non-linearity of the system [59]. Although the anomalous dispersion is commonly
favoured in controlling positive non-linearity in the femtosecond lasers, the normal GVD
also needs to be compensated.
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In general, both normal GVD and anomalous GVD partitions are included in ultrashort
laser cavities in a way that the final average cavity dispersion can thus be in either normal or anomalous regime. However, when the laser is built with totally anomalous GVD
fibers and functioned under an anomalous GVD scheme, the soliton pulse formation becomes unstable as the soliton area theorem limits the energy of the pulse [60]. In order to
stabilize the soliton, an external amplitude modulation technique is required. The modelocked lasers with normal GVD fiber segments lead to achieve high energized pulses [61].
Subsequently, mode-locked all normal dispersion(ANDi) fiber lasers have received much
attention over several studies conducted to obtain high power optical pulses directly from
the laser oscillators [62–64]. The concept of all-normal dispersion lasers explains the configurations that only consist of normally dispersive components. The normal GVD leads
to the spectral broadening of the soliton pulse, which is compensated by gain saturation
and spectral filtering/narrowing [65].

3.3
3.3.1

Passive mode-locking techniques
Semiconductor saturable absorber mirror (SESAM)

SESAMs offer a novel approach to develop passively mode-locked stable pulsed lasers.
These components can comfortably replace the different laser’s end cavity mirrors [47].
Among the mode-locking techniques available, the SESAMs have become the most widely
used and commercially available mechanism for the mode-locked fiber lasers.
The general design of the SESAM is composed into two main components: Distributed
Bragg reflector (DBR) and semiconductor quantum wells (QWs). A simplified diagram
of the SESAM is presented in Figure 10. As one can see from the figure, the Bragg
mirror consists of a large bandgap semiconductor material, and most common compound
is GaAs/AlAs [66], to prevent the absorption in this region. In general, the semiconductor
material used for the saturable absorber layer must have a direct band gap (for example,
GaAs) but with an energy gap that is slightly lower than the photon energy [44]. The
saturable absorption is related to the inter-band transition between the conduction band
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and the valence band.
Energy of incident
photons
GaAs/AlAs cap
GaAs
barriers

GaInAs QWs

Position

GaAs spacer

GaAs/AlAs
DBR

GaAs substrate

Conduction band edge
energies

Figure 10. General structure of the SESAM. [49]

A schematic presentation of the working process of the semiconductor saturable absorbers
is shown in Figure 11. When an optical pulse (photons) strikes the absorber layer with
sufficient photon energy, electron-hole pairs are created by absorbing the photon energy
and exciting the electrons from the valence band to the conduction band. During the ten
to hundreds of femtoseconds (fs) of the excitation period, a partial recovery of carriers’
absorption in respective bands can be observed. When the absorption time is sufficiently
long (picoseconds (ps) to nanoseconds (ns)), the electrons are removed from the conduction band through the recombination and trapping. Having two different time scales helps
achieve the mode-locking status; i.e., the quick time intervals contribute to the shaping
and the slow time constants support for the self-starting mode-locked lasers. Therefore,
SESAMs enable the acquisition of self-starting mode-locked lasers [67]. During the propagation through the SESAM, the pulses with low intensities are absorbed whereas high
intensity pulses are allowed to transmit with a small loss, resulting also in the pulse compression. As the pulse passes through the saturable absorber, it becomes more shortened
during each round trip and start mode-locking [68].
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Figure 11. Relaxation dynamics of a SESAM. [67]

The performance of the SESAMs is directly affected by several key parameters, such
as absorption recovery time, non-linear intensity response, modulation depth, and bandwidth. These parameters must be optimized in order to get a mode-locked laser system
with the SESAM. Both the non-linear intensity response characteristics and the saturation
depends on the QW structure. Furthermore, the QW is identified as a “potential well”
that consists of semiconductor material layers with low bandgaps. Here the regulation of
absorption wavelength is possible, thereby adjusting the dimensions (depth and the width)
of the QW [49]. When determining the quantum well-based designs, inter-band recombination of the carriers that leads to the upper modulation frequency is the most critical
parameter. The recovery time, however, must be significantly low because it potentially
affects the pulse dynamics of the cavity [69].
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3.3.2

Nonlinear Polarization Evolution

The concept of non-linear polarization evolution (NPE) is considered a substitution for
material saturable absorbers in passively mode-locked fiber lasers from the 1990s [70].
As reported in [71], the possibility of lasing in different regimes such as stretched-pulses,
stable solitons and all-normal dispersion pulses reflect the importance of the NPE lasers.
In saturable absorbers, there is a natural tendency to degrade during the long-term functioning; thus, the initiation of non-linear effects has become one of the best alternatives to
overcome the possible damages [72].
The configuration, Fabry Perot cavity and ring-type cavity are used to accomplish the
NPE mode-locked lasers. These notions are frequently used to study the behaviour of
the solitons in the fiber lasers [73]. Typically, an intensity-dependent non-linear change
in a polarization state of an intense pulse is discovered while propagating through a nonpolarization maintains fiber. However, the final polarization direction is estimated to be an
elliptical state rather than a typical linear polarization rotation due to self-phase and crossphase modulation and birefringence effects [18]. The Faraday mirrors are introduced to
compensate the induced birefringence in Fabry Perot cavities, leading to generate soliton pulses with the pulse duration in the range between femtoseconds and picoseconds.
Moreover, in all-fiber ring cavities, the cross-splicing method is applied to balance the
group velocity dispersion that is generated by birefringence [74]. Consequently, with the
provided elliptical polarization state, environmentally stable pulse trains can be delivered
from the NPE mode-locked laser.

3.3.3

Frequency-shifted feedback technique

In the past few decades, pulse formation in frequency-shifted feedback (FSF) lasers has
been examined and the initial study was carried out by Kowalski et al. [75] in 1988 . In
this research study, random pulse repetition rates generated in a ring dye laser were studied. After few years, another interesting approach was published by Hale et al. [76] to
calculate the intensity of the output laser in the frequency domain as well the time do-
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main. Although these models focused on finding a relation between the cavity round-trip
time and the repetition rate, the consequences from the non-linear effects and the noise
were not taken into account. Thus, the outcome of this experimentation was “modeless”
but spontaneously short optical pulses. Hence, by following this pulse regime and attributing Kerr non-linear elements into the optical cavity, Sabert et al. [77] published a
new theoretical model regarding the frequency-shifted feedback lasers.
Four main components including gain medium, feedback system, output coupling, and
frequency selection technique are identified to understand a conventional laser signal.
These components generate a clearly defined signal from the constructive interference
and constant amplification of resonant frequencies. These components generate a clearly
defined signal from the constructive interference and constant amplification of resonant
frequencies. When the round-trip cavity losses are equal to the gain amplification, the
signal achieves a steady-state region after several round-trips, and which is called the
unity gain region. For a conventional laser cavity with frequency filters, the gain region
is concentrated around the central frequency (νc ) of the filter. However, the insertion of a
frequency-shifted feedback mechanism into the laser cavity induces a frequency displacement by a specific value on each spectral component that passes through the frequency
shifter [78]. By generating excess losses at νc , the localized energy is shifted to the filter’s
highly-losses range ν0 , as illustrated in Figure 12. In addition to that, it is assumed that the
frequency shifting is provided by the acousto-optic modulator (AOM), and in each time
the frequency is shifted by fAOM . Besides that, these constantly shifted spectral components must be placed to original state as they reach the edge of the filter bandwidth–
otherwise, they could be diminished by acting as a broadband optical amplifier. Hence, the
frequency-shifted feedback mechanism provides spectral shapes with wider bandwidths
at the low pumped powers [79].
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Figure 12. Schematic presentation of the steady state spectrum of a laser with (b) and without (a)
frequency shifter.

According to previous studies, the frequency-shifted feedback lasers can function under
the Kerr non-linearity (i.e. self-phase modulation (SPM)) in different regimes of the lasers
such as pulsed and continuous-wave lasers. In this way, the SPM appears as a phase seed
technique by enhancing the pulse formation. And then the formed pulse is confined inside
the laser cavity due to the frequency shifting mechanism of the cavity [79]. The schematic
presentation of above explanation is displayed in Figure 13. As Figure 13(1) shows, the
cavity consists of a feedback loop and a stochastic noise influences to form the pulse.
In this regard, it can be observed from Figure 13(2) that the frequency shifter forces the
pulse to move into the higher loss region of the filter by providing a continuous shift of
∆F. Due to the frequency-dependent gain and the laser cavity loss, the spectral component
is rearranged back to its initial state (see Figure 13(3)) [77]. The pulses are undergone the
SPM when they travel through the non-linear medium, and the process continues until the
steady-state reached (see Figure 13(4)).
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Figure 13. Pulse formation of a density spectrum in a FSF laser cavity with net round-trip gain
g(ν): (1) Initial pulse spectrum, (2) pulse spectrum just after the frequency shifting, (3) reformed
spectrum via frequency dependent gain and loss operation, (4) formation of new seed spectral
elements by the non-linear cavity gain. [77]

3.3.4

Non-linear Optical Loop Mirror (NOLM) and Non-linear Amplifying Loop
Mirror (NALM)

The non-linear fiber loop mirrors (NFLM) have received much attention in signal processing as a fast optical switch. Apart from that, they are commonly utilized as a solid-state
saturable absorber element for the passive mode-locking lasers. Although non-linear polarization evolution and saturable absorbers are the most popular approaches to mode-lock
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a fiber laser, both of these techniques still present some shortcomings such as long-term
reliability and power-controlling abilities for industrial applications [80]. To handle these
shortcomings non-linear fiber loop mirrors are applied.
There are two main types of non-linear fiber loop mirrors such as non-linear optical loop
mirror (NOLM) and non-linear amplifying loop mirror (NALM), which are presented by
Figure 14 (a) and (b), respectively. These configurations are operated by a similar fundamental principle that is called Signac interferometer that includes a fiber coupler. The
coupler’s output ports are spliced together, and unequal counter propagating intensities
are acquired through the NOLM and NALM arrangements. As a result of these different
propagating intensities, a differential phase shift can occur, and a low power light is expected to reflect from the mirror. With the increasing transmission corresponding to the
incident intensity, the reflected beam can be applied to mode-lock a laser passively [81].
The operation of the NOLM can be described as follows. Due to the asymmetric splitting
ratios of the output coupler (not equal to 50:50), the counter propagating beam intensity
difference is created. When the light intensity is appropriate and sufficient, a considerable
non-linear phase shift can be obtained between the clockwise and anticlockwise propagating fields [82]. If the phase shift is reached at π, the loop is entirely transmissive and can
be utilized for pulse switching and shaping. To attain a perfect modulation, the coupling
ratios must be close to 50:50. Otherwise, the differential phase delay between two optical
paths becomes very low. Even though this does not cause any issues while functioning
in the negative group velocity dispersion regime, the self-phase modulation-related pulse
broadening affects the NOLM operation during the positive group velocity dispersion
regime. Therefore, obtaining exploitation of non-linearities, the NOLM is modified to the
NALM [83].
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Figure 14. Schematic presentation of non-linear loop mirrors: (a) NOLM and (b) NALM.

The NALMs were first used for laser mode-locking in 1991. In this case, interferometric mode-locking or additive pulse mode-locking is used as the responsible mode-locking
mechanism [84]. Furthermore, a rare-earth-doped active fiber is spliced into the long fiber
loop as a fiber amplifier, and placed at the end of the loop. Unlike the NOLM configuration, here, the coupler splitting ratio is exactly 50:50. As the amplifier is positioned
at the one end of the cavity, the non-linear refractive index results in a non-linear phase
difference in counter-propagating optical paths at high intensities. Hence, the counterclockwise propagating light experiences a less phase delay than the clockwise propagation, and contributes to the pulse shaping [83].
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4

Ultrashort pulsed laser characterization

An ultrashort laser pulse is a tiny burst of electromagnetic energy classified by its electric field. In a typical continuous-wave beam’s electric field behaves sinusoidally with
the time. In pulsed laser the electric field is the product of the pulse envelope and the
sinusoidal carrier function in an ultrashort pulse, and the pulse is characterized by its time
duration and spectral width. Though earlier primary challenges of the laser characterization techniques was to measure the pulse width, recently the related techniques are
developed in parallel with the evolution of the ultrashort pulsed lasers. The most used
electronic detector techniques from early studies resolved only the pulses with the rise
time in the range of picoseconds. With the discovery of femtosecond pulses, advanced
optical pulse characterization techniques were applied [85] and some of these techniques
suchlike optical spectrum (intensity dependence on WL), pulse duration, chirp (instantaneous frequency), phase, RF spectrum , autocorrelation, are discussed in this chapter.

4.1

Optical Spectrum

The optical spectrum carries the information about the optical energy distribution of a
light beam across different wavelengths. Some of the spectral elements such as spectral
intensity, radiance, and flux as a function of the frequency or the wavelength are plotted
in the optical domain and presented in the form of a diagram. Figure 15 shows the optical
spectrum of a all-normal Yb-doped mode-locked fiber laser. In most of the cases, the
optical spectrum of the beam is presented in an arbitrary logarithmic scale that has been
calibrated or uncalibrated. Besides that, when the laser is operated under the continuouswave regime, the spectrum line width is characterized by a narrow spectral line, while a
broader spectral width indicates the ultrashort pulsed mode-locked laser functioning.
To record and measure the optical spectrum, optical spectrum analysers (OSA) are utilized. These instruments consist of high precision characteristics to determine the optical
spectrum with additional advanced analysis possibilities. Such general exploitations satisfy the versatile laboratory expectations, including vast wavelength scopes, the applica-
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bility of ranged photodiodes, various resolution bandwidths, the possibility of single and
multi-wavelength sweeps, and adjustable sweep rates [18].
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Figure 15. Optical spectrum of the Yb doped all-normal-dispersion mode-locked fiber laser.

4.2

Radio frequency Spectrum

Radio frequency (RF) spectrum is recognized as one of the standard pulse characterization
techniques among currently available methods. The measures are observed through a particular type of spectrum analyzer that is called a series analyzer. To pursue RF spectrum
measurements, in principle, two main concepts need to be apprehended: signal-to-noise
ratio (SNR) and the line width. The SNR parameter determines the ratio of the power
level of desired proper signal to the background noise (signal power to noise power ratio),
typically given by decibels (dB). For an RF estimation to be comparably accurate in terms
of the definition, the signal-to-noise ratio should have a higher value. When the signal and
the noise levels are measured in dB values, the SNR can be calculated by subtracting the
noise level from the signal. Furthermore, the minimum requirement for an accepted SNR
parameter is 20 dB, and greater than 41dB is regarded as excellent.
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4.3

Autocorrelation

Autocorrelation is one of the oldest but most frequently used techniques for optical pulse
characterization. The method is utilized to determine the temporal structure of ultrashort
pulses such as pulse duration and temporal phase modulations [86]. Here, an incoming
beam with electric field E(t) is split into two identical replicas using a beam splitter. One
pulse is delayed intentionally with respect to the other by sending them through a delay
line with a time delay of τ . Then, both these replicas (E(t) and E(t − τ )) are mixed
by spatially overlapping on each other in a non-linear optical medium. This medium is
a second harmonic generation crystal that produces the light with twice the input pulse
frequency [87]. As shown in Figure 16, only the intensity component is generated due
to the temporal overlapping of these two pulses and this is allowed to transmit through
the iris to the detector. Finally, the intensity autocorrelation of the laser pulse is realized
by recording the average power as a function of the relative delay between two replicated
beams [46].

Figure 16. Schematic presentation of a typical autocorrelator. [87]

Because of the simplicity behind the principle of this technique, the autocorrelation has
become the most widely used method for ultrashort pulse characterization. However,
some limitations can still be recognized when lasers are considered with a pulse duration
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under the femtosecond regime. Morover, the autocorrelation does not provide any information about the pulse phase relationship and also pulse shape [46], and yet it is more
crucial for understanding the behaviour. In fact, the other pulse characterization methods
such as the FROG and the SPIDER are preferred.

4.4

Frequency-Resolved Optical Grating (FROG)

The FROG is introduced as one of the standard techniques for optical pulse characterization, and it is also a spectrally- resolved autocorrelation measurement [88]. Unlike the
conventional autocorrelation method, the FROG measurement can determine a full range
of pulse classification, including temporal and spectral intensity, pulse width, temporal
and spectral phase, and spectral width [79]. For example, when an optical pulse is propagating through a dispersive medium, the spectral components of the light tend to change,
and the effect is called pulse broadening or chirping. Furthermore, the FROG allows to
measure the spectral profile as a function of the time, hence, the electric field of the pulse
can be recreated [87].
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Figure 17. Illustration of the typical SHG-FROG setup. [89]

The basic idea of the FROG measurement is similar to the autocorrelation technique dis-
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cussed in the previous section, where the pulse replicas are created and recombined in
the nonlinear crystal. Figure 17 presents the general setup of the SHG-FROG measurement. Here, the output of the nonlinear mixing process is sent into the single element
photodiode, it is collected via a spectrometer, which means the autocorrelation signal is
reported in both frequency and time domain [85]. Figure 18 clearly presents how the
FROG trace stretches due to the linear chirp of the pulse, and it further reveals the idea
of intensity versus phase measurements in the time or the frequency domain in the FROG
measurements.

Figure 18. Calculated SHG-FROG traces for different beam geometries. [46]

To understand the properties of the FROG, it is necessary to make an assumption that the
FROG trace is implemented by using a retrieval algorithm. Since the SHG-FROG trace
is not intuitive, a Fourier transformation-based two-dimensional phase retrieval iterative
algorithm should be employed to determine the pulse characteristics. Apart from the
SHG-FROG, alternative geometries are provided with enhanced measurement capacities
such as Polarization-gate frequency-resolved optical gating (PG FROG) [90] and Selfdiffraction frequency-resolved optical gating (SD FROG) [91]. In the PG-FROG and the
SD-FROG techniques, two pulse replicas are interfered under the Kerr non-linear effect

38
unlike in the SHG-FROG.

4.5

Real-time dispersive Fourier transformation (DFT)

Dispersive Fourier transformation (DFT) named real-time Fourier transformation or frequencyto-time mapping is an emerging measurement that is used to map a broadband ultrashort
pulse spectrum into a stretched time domain [92]. This technique can also overcome the
speed limitations of traditional spectrometers, enabling the real-time spectroscopic measurements and manipulations. The DFT is invented using the relation of space-time duality between Fraunhofer diffraction and temporal chromatic dispersion [93]. The concept
of space-time duality is derived from Maxwell’s equations, and it is engaged in classifying
several methods for high-speed signal processing and temporal imaging [94]. Moreover,
together with the analogy of space-time duality, the DFT promotes some exciting conclusions. When an optical pulse passes through a dispersive medium with a group velocity
dispersion, and the pulse satisfies the far-field condition of diffraction, the DFT can map
the pulse temporal frequency spectrum to a temporal waveform by using the chromatic
dispersion. In addition to that, by reviewing the dispersion stretching effect on input
pulses, the DFT can be understood because the chromatic dispersion causes a liner time
delay on these pulses [95].
By replacing the standard traditional spectrometer components (detector array and the
diffraction grating) from a dispersive medium and a fast photodiode, the fast continuous
single-shot DFT measurements can be identified. Figure 19 shows a schematic of the
DFT process in a dispersive medium. As depicted in Figure 19a, the dispersive element
is responsible for mapping each pulse’s optical spectrum from the incoming optical pulse
train to a temporal waveform. In addition to that, in an amplified DFT process (See Figure 19b), the optical amplification is distributed all over the dispersive element, leading to
a simultaneous signal amplification. This amplification method is introduced to mitigate
the thermal noise of the high-speed photodiode. The dispersive element converted temporal waveform, which is then stretched in time in such a way that it becomes sufficiently
slow to be measured directly in the time domain [96, 97].

39

Figure 19. General representation of a Fourier transformation: (a) dispersive Fourier transformation and (b) amplified dispersive Fourier transformation. [96]

In recent developments, the advancement of the DFT technique is employed to determine
the real-time measurements of temporal evolution, build-in dynamics, and transition phenomena of the mode-locked lasers. Indeed, this method has provided access to dig deeper
into critical laser characterizations. Currently, the spectral characterizations of the modelocked lasers are realized by using the real-time DFT technique, which reveals the soliton
behaviour in the mode-locked fiber lasers [98].
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5

Experiment and results

The work presented in this chapter focuses on introducing passively mode-locked SESAMbased laser cavity operating in the wavelength around 1040 nm. This chapter describes
two main passive mode-locking techniques that are employed to generate pulsed lasers,
including semiconductor saturable absorbers and nonlinear amplifying loop mirrors. The
lasers demonstrate in this thesis relate to the picoseconds pulse regime with the MHz pulse
repetition rates. In addition, essential pulse characterization techniques are involved, and
accordingly, the reported lasers are compared comprehensively.

5.1

Ring cavity SESAM-based laser

This section presents experimental results acquired from a passively controlled SESAM
technique in a ring cavity laser. Alterations of the main cavity were executed in order to
understand the behaviour of the mode-locked pulses. The experimental study included
the OSA spectrum, FROG measurements, DFT measurements and RF spectrum measurements.

5.1.1

Experimental setup

The first schematic diagram proposed to generate the mode-locked pulsed laser is depicted in Figure 20. The built laser cavity consisted of different basic components:
Laser diode(pump), Polarization sensitive optical isolator, Wavelength division multiplexer (WDM), output coupler, circulator, and band pass filter.
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Figure 20. Schematic illustration of the SESAM cavity configuration

Isolator

Optical isolators can be introduced as a passive optical element that allows light to propagate in only one direction. The isolators are typically used to protect the laser source or
any optical element from back reflections and unwanted signals. Back-reflected light in a
laser cavity can damage the laser diode and cause amplitude modulations. An isolator’s
fundamental working operation is based on on the Faraday Effect (these are usually called
Faraday isolators): when a polarized light beam is propagated through a material in an applied magnetic field, the polarization plane experience rotation. However, the direction of
this polarization rotation does not depend on the transmission direction of the light, but
on the direction of the magnetic field [99].
A polarization-dependent conventional isolator is a combination of three main sections:
an input polariser, a Faraday rotator, and an output polariser. Figure 21 displays the
function of the Faraday isolator. In forward direction, the incident light becomes ver-
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tically polarized when it passes through the input polariser. Since a Faraday isolator is
a polarization-sensitive component and functioning only for a properly linearly polarized input beam, the input polariser acts as a filter. Then the Faraday rotator rotates the
polarization plane for 450 , and light exits through the output linear polariser with 450 polarization. In contrast, considering the reverse light propagation, the light becomes 450
polarized before entering the Faraday rotator. The Faraday rotator again rotates the light
an additional 450 which results in horizontally polarized output beam. Therefore, the light
is blocked by the input polariser since it is aligned as a vertical polariser [18].

Figure 21. Schematic presentation of working principle of the isolator. [100]

Wavelength division multiplexer(WDM)

Wavelength division multiplexer (WDM) is an optical component to combine and separate different wavelengths (for the laser cavity under investigation, 980 nm and 1060
nm). In common WDM’s, three main ports can be identified as “Pass,” “Common,” and
“Reflect.” Generally, the pump power is connected to the “Pass,” and the signal from the
laser cavity is joined from the “Reflect.” When the laser starts operating, both “Pass” and
“Reflect” signals are combined and transmitted through the “Common” port. A simplified
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illustration of a WDM is presented in Figure 22.
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Figure 22. Schematic presentation of a WDM.

Optical circulator

An optical circulator is a powerful three-terminal component that permits an optical signal
to transmit only in a specific direction. In the standard arrangement, the light launching
into “port 1” is propagated through “port 2,” and the signal inserting from “port 2” can
be collected from “port 3” with minor losses. The fiber optic circulators are designed
to sustain high isolation and fewer insertion losses, thereby are frequently resourced as
chromatic dispersion compensation elements and bi-directional pumps. The presented
laser cavity in this study consisted of a polarization-maintaining circulator, which indicated that the fast axis was blocked, and only the signal launch into the slow axis was
transmitted [101].

Optical coupler

A fiber optic coupler(output coupler) is an optical component employed to combine and
separate optical radiation from two inputs into two outputs with a specific coupling ratio.
This is a unique element that can be introduced as a combination of a splitter, a combiner,
and an output coupler. However, when a signal is sent through an optical coupler, it
tends to lose power since the input signal is divided into few outputs. All output optical
couplers employed in this study are polarization-maintaining components with different
coupling ratios, for example, 70/30, 90/10, and 60/40. They are classified according to
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several indications, such as shape (Y-coupler, T-coupler, X-coupler etc.) and bandwidth.
Figure 23 shows the commonly utilized output coupler [102].

Figure 23. A typical output coupler [103].

Bandpass filter

An optical bandpass filter is a conventional optical component that allows only a particular
defined wavelengths to propagate through it and prevent unwanted signals. The structure
is designed according to the scheme of the Fabry-Perot interferometer, which is made by
placing thin substrates with a specific separation. This separation is equal to one-fourth of
the central wavelength of the filter [103]. In general, the bandpass filters are characterized
by their center wavelength (λc ), bandwidth at FWHM (∆λ= 7 nm,3 nm and 2nm for this
study), and peak transmission (T ). In fiber laser cavities, the optical bandpass filters are
mainly utilized for spectral shaping [104].

Working principle of the setup

The working principle of the experimental setup can be presented as follows. The laser
gain medium was formed of a 75 cm long polarization-maintaining single-mode ytterbium
(Y b3+ ) doped fiber with peak absorption at 976 nm and the rest of the cavity consisted
of PANDA type polarization maintaining fibers (PM 980). The ytterbium-doped fiber
was pumped with a laser diode through a wavelength division multiplexer (WDM) (980
nm BATOP). The laser diode delivered maximum pump power of 383 mW at 650 mA.
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Figure 24 presents the output power behaviour of the pump laser diode. The threshold of
the laser was observed at 46 mA.
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Figure 24. Pump power versus pump current in SESAM based ring-cavity laser

Before the WDM was spliced to the laser cavity, a polarization-dependent optical isolator was placed between the WDM and the laser diode to eliminate back reflections and
unidirectional propagation of light that would damage the laser diode. The laser cavity
output was taken from 70/30 output coupler located right after the active fiber (75 cm).
One port of the coupler was connected to the circulator, and the other one was set to carry
the output from the laser cavity to the power meter, OSA, or oscilloscope.
To implement the mode-locked laser, a three-port polarization sensitive circulator was
connected to the cavity after the output coupler. The fiber end of “port 2” was launched
onto the SESAM in butt-coupled configuration as shown in Figure 25. As one can see
from the figure, the SESAM was mounted on a vertical plate, and the fiber was placed on
a horizontal movable stage. A certain amount of stress was given on the fiber by using two
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magnets to prevent fiber bending. If the optical fiber is released into the SESAM tightly
and adequately, it would become bumpy between the two magnets and easy to recognize.

(a)

(b)

Figure 25. The optical fiber coupling to the SESAM.

Next, the “port 3” of the circulator was connected to the port "in" of the bandpass filter.
As a requirement for all-normal fiber lasers, the laser’s tunability and the pulse shaping
were achieved with the Gaussian bandpass filters (with different optical bandwidths, for
example, 7 nm, and 2 nm), top hat filter (3 nm) and the tunable bandpass filter. The corresponding cavity configurations are discussed in upcoming sections. Finally, the enclosed
ring cavity configuration was achieved by splicing “λ > 1 ” (Reflect) port of the WDM
to the “ out ” port of the bandpass filter.

Cavity optimization

In order to understand the behaviour of the mode-locked laser and realize the best cavity
configuration (in other words, to determine a broad bandwidth that supports shorter pulse
durations), different cavity parameters were examined as explained in the following.

• Filter bandwidth and the shape:
In general, the cavity was tested with four filters: Gaussian 7 nm bandpass filter,
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Gaussian 2 nm bandpass filter, tunable bandpass filter (nearly a flat-top shape in
transmission), and 3 nm flat-top filter.
• Output coupler splitting ratio:
For different filters and SESAMs, two output coupler configurations were checked:
30/70 (30% of the power sent to the cavity), 70/30 (70% of the power sent to the
cavity).
• Different SESAMs:
With four types of filters and two output coupler configurations, three main SESAMs
were checked: BATOP, RK133, and RK 231. Finally, the output spectrums were
recorded with an optical spectrum analyser (OSA). A summary of the specifications
of BATOP, RK 133 and RK 231 SESAM are presented in Table 1.

Table 1. Specifications of semiconductor saturable absorber mirrors.

BAT

RK133

RK231

Laser wavelength λ (nm)

1040

1030

1030

High reflection band λ (nm)

990 − 1080

1010 − 1080

1010 − 1090

Absorbance Aθ(%)

43

40

23

Modulation depth ∆R(%)

25

30

14

Non-saturable loss Ans (% )

18

10

9

Saturation fluence Φs at (µJ/cm2 )

70

30

60

Relaxation time constant τ (ps)

2

3

3

Damage threshold Φ (mJ/cm2 )

1.5

6000

10000

Besides three SESAMs mentioned above, an electronically controllable SESAM was
tested with the cavity. However, only the CW output was recorded, and the mode-locked
region could not be achieved with the voltage-controlled SESAM.
The laser cavity did not support the ML operation for narrowband filters, and as a consequence, both 3 nm flat-top filter and 2 nm Gaussian bandpass filters were eliminated.
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When considering the tunable bandpass filter, only the bandwidths higher than 10 nm
contributed to the mode-locked pulse generation. Figure 26 presents the results obtained
from all three SESAMs with the most reliable output coupling configuration of the cavity
(70/30). Since only the wider bandwidths contributed to the mode-locking and the cavity
did not encourage the mode-locking through the lower bandwidths, the tunable bandpass
filter was declined from the best cavity configuration.
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Figure 26. Comparison of SESAMs output spectrums with tunable bandpass filter in different
bandwidths (∆λ): BAT (a), RK133 (b), and RK231 (c)

Furthermore, the cavity was tested with the 7 nm Gaussian bandpass filter for the possible
output coupler configurations. For each arrangement, the resulting output spectrums were
recorded. Figure 27 illustrates comparison of the output spectrums of three SESAMs
with two coupler configurations. Further analysis is reported in Table 2. To make it easier
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to understand, two configurations are presented by two individual graphs. According
to Figure 27(b), it is apparent that the 7 nm Gaussian filter (the central wavelength of the
filter was 1035 nm), and 70/30 output coupler arrangement presented a better performance
with the broader bandwidths (FWHM spectral bandwidth) and indeed the shorter pulse
durations, compared to all different cavity combinations. Therefore, taking into account
all the information, this cavity was chosen to continue for further measurements such as
FROG, DFT, and RF spectrum. Moreover, it is evident from the figure that there was no
significant difference between the SESAMs output spectrums. Since the 6 dB spectral
bandwidths were almost the same, RK133 was selected to continue with the best cavity
configuration.
Table 2. Comparison of SESAMs according to the CW threshold, mode-locked threshold and the
spectral width (∆λ); 70/30 and 30/70 depicts the cavity configuration and λc denotes the central
wavelength .

CWth (mW)

M Lth (mW)

∆λ at F W HM (nm) λc (nm)

Cavity settings
70/30 30/70 70/30 30/70 70/30

30/70

RK133

56

67

85

94

5.04

4.9

1035

RK231

59

71

90

97

3.2

3.7

1035

BAT

54

61

87

93

4.1

4.1

1035

When the pump power increased, the laser was configured with a CW operation that was
above ∼ 56 mW and then it was changed to mode-locked single pulsing at the pump
power of ∼ 85 mW. Figure 28 shows the oscilloscope trace at the pump power of 92 mW
with a output power of∼ 8 mW. The pulse energy and the peak power was calculated as
291 nJ and 26.4 kW respectively. The mode-locked pulse traces were recorded using a
Tektronix oscilloscope with bandwidth of 20 GHz and a photodetector. For this current
cavity, the pulse repetition rate was encountered as 27.52 MHz (36 ns).
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Figure 27. Comparison of three different SESAMs with two different output coupler configurations: 30/70 (a), 70/30 (b)

The radio frequency (RF) spectrum of the mode-locked laser was measured at a pump
current of 205 mA with a RF spectrum analyzer, as shown in Figure 29. The calculated
signal-to-noise ratio (SNR) of the RF spectrum was about 75 dB at a video bandwidth and
resolution bandwidth of 10 Hz. Thus, the SNR revealed that the laser operates under a
stable mode-locked region. Concurrently, the RF spectrum for a wideband (over 0 − 300
MHz) was measured, and the corresponding schematic is presented in the upper right
corner of Figure 29.
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Figure 28. Oscilloscope trace of the basic cavity for pump power at 92 mW.
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Figure 29. RF spectrum of the mode-locked laser: black line - measured signal and red line noise level.
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5.1.2

FROG measurements

As one of the main pulse characterization methods, the frequency-resolved optical grating
(FROG) technique was applied to determine the pulse width measurements, the temporal
phase, and the spectral phase of the laser pulse using a commercially available device
(Femto Easy MS-FROG). To date, FROG is considered the most popular and reliable
approach for ultrashort laser pulse measurements. When the laser beam is appropriately
and adequately oriented, the device can evaluate the pulse spectrogram by itself.
In order to continue pulse measurements with FROG, there are some specifications that
the laser beam should satisfy. Firstly, the laser beam should be collimated and parallel to
the table, which means that the height and the size of the beam is required to be constant
at least for 2 m distance. Secondly, the input beam diameter should be at least 1 mm ,
and its height ranged between 75 − 155 mm . In addition to this, the FROG height can
be adjusted in such a way that the laser beam is oriented to the FROG iris I1. Figure 30
shows an overview of the FROG setup. According to the specifications, we must ensure
that a linear vertical polarization state is held as the input polarization. Thus, in our setup,
the linear vertical polarization was achieved by adjusting a polarization controller and a
half-wave plate.
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Mirror

Spectrometer
Crystal

Iris (I1)

Iris (I2)

Figure 30. Overview of the real MS-FROG.

As the coarse alignment, the laser beam was launched into the FROG. The first iris (I1)
was closed, and the beam was centred on the I1. Once the laser was oriented correctly,
the FROG was adjusted to deliver the beam through the iris 2 (I2). Then both I1 and I2
were fully opened, and at this stage, two output beams at the mirror were observed with
relatively equal intensity and size. Theoretically, the similar half beam intensity provides
an essential recognition of whether the beam is well aligned or not. Finally, the signal
optimization and the experimental spectrogram were achieved using the FROG software.
Figure 31 displays the screenshot of an acquisition tab of the FROG software. In this
Figure, the autocorrelation provides the spectrum in the direction of the time axis (horizontal), and the 2ω- second harmonic spectrum shows the spectrum along the wavelength
axis of the measured acquisition (vertical).
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Figure 31. A screen-shot of the software of acquisition.

The experimental spectrogram is unique to a specific pulse shape, and the spectrum is
given as a function of delay. To estimate the correct retrieval spectrogram from the measured experimental spectrogram, a two-dimensional retrieval algorithm was executed.
Next, the algorithm was repeated with several iterations to obtain a perfectly matched
FROG trace with fewer errors.

(a)

(b)

Figure 32. Input spectrogram (a) and FROG retrieved spectrogram (b).

Figure 32 illustrates the experimental spectrogram and the FROG recovered spectrogram
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of the laser at central wavelength of 1034 nm. For a reliable FROG measurement, the
retrieved spectrogram must be similar to the measured spectrogram. As can be seen from
Figure 32, the experimental and retrieved profiles are comparable.
Figure 33 compares the retrieved optical spectrum and the OSA recorded optical spectrum
of the laser. In principle, the shape of these spectrums depicts the general characteristics
of a laser operating in an all-normal dispersion mode-locked region. Even though the
plots are presented in the linear scale, the so-called “cat-ear” shaped spectrum can be
observed. Moreover, in Figure 33 one can see that both measured and retrieved optical
spectrums have an approximately similar pattern even though a slight deviation (where
the laser was not stable for a longer time) of the distributions appears.
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Figure 33. Retrieved FROG spectrum (in red) and the OSA spectrum (in black).

Among currently available ultrashort pulse characterization techniques, the FROG has
been frequently employed due to its capability of providing information about the phase
and the chirp of a laser pulse beyond the pulse width and the shape measurements. Regarding our laser, the pulse shape, width, and phase were monitored accordingly, and the
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estimated pulse width was ∼ 11 ps (FWHM). Considering the ultrashort pulse propagation through an optical fiber, two main concepts need to be realized: group velocity
dispersion (β2 - the second-order derivative of the non-linear Schrödinger equation) and
non-linear phase effects. Accordingly, the proposed laser cavity was operated under normal dispersion (β2 > 0) region where the longer wavelengths propagate faster than the
shorter wavelengths. Thereby, the optical pulse was considered positively chirped. In this
regard, an all-normal dispersion laser solves the NLSE with a quadric phase term by leading a parabolic temporal phase profile. We applied the same principle to our laser cavity
and Figure 34 displays the retrieved intensity, autocorrelation, and the temporal phase
with respect to the time. The information about temporal phase allows correct planning
of a compressor to compress pulses to the transform-limited value.
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Figure 34. The schematic of temporal phase (in black), autocorrelation (in magenta) and retrieved
intensity (in dashed red).
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5.1.3

DFT measurements

For most non-linear systems, characteristic realization of build-up dynamics and transient phenomena is beneficial. As a passively mode-locked fiber laser is an ordinary
non-linear system, the behaviour of dissipative soliton dynamics can be identified by examining these laser systems. Several theoretical investigations have been conducted to
understand these critical soliton dynamics, but the conventional measurement techniques
were limited by the resolution bandwidths of the experimental detectors. However, the
advancement of a time-stretched dispersive Fourier transformation (TS-DFT) technique,
as discussed in Section 4.5, enables the possibility to understand the real-time temporal
and spectral measurements of ultrashort optical systems. In this section, the starting and
the transition dynamics of the SESAM-based passively mode-locked laser are described.
The schematic diagram of the experimental setup utilized is shown in Figure 35, and the
spectra demonstrated reasonable similarity.

Pump
WDM

Yb-fiber (75 cm)

Dispersive Fourier transform
Oscilloscope
Gaussian bandpass
filter (7nm)

Output coupler
~10km

SESAM
(RK133)

PD

70%
30%

Circulator

99% Time-stretched real-time acquisition

1%
PD

Real-time acquisition

Figure 35. Schematic presentation of the experimental setup of DFT measurements (PD: photodiode).

The setup in Figure 35 consisted of the similar optical components (presented in Section 5.1.1) with an additional output coupler with a splitting ratio of 99 : 1 to send the
laser output from the previously determined best cavity configurations into two paths:
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real-time acquisition and time-stretched real-time acquisition. In the time-stretched measurements (Dispersive Fourier transformation), the path contained an SMF 28 fiber spools
(∼ 10 km) to stretch the ultra-short pulse, and a 38 GHz fast photodetector was employed
to couple the fiber to the oscilloscope. Both measurement routes were connected, and the
data was monitored via a high-performance digital oscilloscope (Tektronix DSA 72004
digital serial analyzer). To verify the accuracy of the measurement, the DFT spectrum
was compared with the optical spectrum measured from the optical spectrum analyzer for
the stable mode-locked regime. The comparison of both spectra is presented in Figure 36.
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Figure 36. DFT spectrum and the OSA spectrum.

In order to investigate the turn-on dynamics of the SESAM-based laser, it is essential
to employ a high-speed direct photodiode to address the measuring limitations. For this
purpose, the laser turn-on speed was preferred as the comfortable zone to access the rich
dynamics of the laser. Figure 37 illustrates the measurement results for the turn-on dynamics, and this observations are in line with the results presented by Ryczkowski et
al. [98]. Here, the resolution bandwidth of the oscilloscope was reduced in order to cap-
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ture the full pulse envelope. In Figure 37(a), the data corresponding to 200 ms of time
scale is plotted. A clear identification of 100 ms of Q-switched mode-locked regime
(a transition regime that appears before the stable mode-locked period) can be observed
alongside the 40 ms of the stable mode-locked region. Additionally, the expanded version
of the transition region is shown in Figure 37(b). Compared to the previous, the detection
bandwidth is increased since only few Q-switched bursts were captured. Figure 37(c) illustrates the more elongated picture of Figure 37(b), while the stable mode-locked region
with 36 ns of repetition rate is expanded and presents in Figure 37(d). A comparison of
the last two graphics provides a better understanding of the stability difference between
stable mode-locking and the Q-switched mode-locking regions.
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Figure 37. Real-time spectral measurement of transient laser dynamics:(a) data recorded with 1.25
GS/s sampling rate for the illustration of the full range of transition (from Q-ML to stable ML),
(b) expanded presentation of Q-switched mode-locked region and the results recorded using 22
GS/s sampling rate , (d) Expanded version of (c) with 50 GS/s sampling rate and 40 ns separation
between division.
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In general, with an increasing pump power, the build-up dynamics of the mode-locked
laser endow few actions: Q mode-locking, transition period, and the stable mode-locking
state. As one can see from Figure 38(a), the laser started with few spikes. An expanded
version of the final spike is presented in Figure 38(c). Moreover, according to the figure
illustrations, it can be realized that before starting the stable mode-locked region, the laser
has undergone a transition period together with the Q-switched mode-locking phenomena.
For this specific start-up, it was around 30 − 40 µs (the transition regime is expanded and
presented in Figure 38(c)). Following both 38(d) and 38(e), irregular pulse train of the
mode-locked laser can be observed. Even though the pulse train is unstable, in contrast to
38(b), 36 ns of pulse repetition rate of the laser is clearly appeared.
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Figure 38. : Real-time schematic of the build-up dynamics of solitons in mode-locked laser: (a)
The build-up dynamics are obtained by dispersing the solitons more than 10 km, (b) expansion
of mode-locked region (the repetition rate ∼ 36 ns), (c) close up for the data from (b) for the
transition scheme of Q-ML to stable ML, (d) expansion of data from (c), (e) expansion of data
from (d) and explains the period of the laser as 36 ns.
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5.1.4

Comparison of different cavity lengths

With the intention of studying the dependence of the pulse width on the cavity length,
the standard setup was modified by removing and adding a certain length of fibers to the
cavity in specific places. As we expected, different laser cavities indicated different pulse
durations, however, the divergence was not particularly significant. For all the suggested
configurations, OSA spectrum, RF spectrum, and FROG measurements were performed,
and the observed results are presented and discussed in this section.
To continue with the measurements, four cavity configurations with different lengths were
selected: i) 1 m and ii) 2 m of PM980 extra fiber were spliced after the ytterbium-doped
active fiber, iii) 2 m of extra fiber was added between SESAM and Gaussian bandpass
filter, and iv) a total of 1.59 m of fibers was removed from few positions (from long fiber
parts of output coupler, circulator, and the filter) of the primary cavity.
Figure 39 shows the measured optical spectrum of all four different cavity lengths with
0.02 nm resolution and high sensitivity. One can see from the figure, all the spectrums are
centred at 1035 nm central wavelength with approximate spectral full width half maximum (FWHM) of ∆λ ∼ 4 nm to ∼ 5 nm. The pump power levels for stable mode-locked
status determine the FWHM of the spectrum. Accordingly, the figure shows an increase
and broadening of the spectral bandwidths with shortening cavity length, which represents
the shortest transform-limited pulses for shorter cavities.
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Table 3. Comparison of peak powers and repetition rates.

Shorter cavity 1m after YDF 2m after YDF 2m after SESAM
Pout /mW

10.75

10.2

9

9.06

Frep /MW

37.965

24.143

21.938

22.533

P ulse duration/ps

14

20

22

22

Ppeak /kW

20.2

21.1

19.1

18.2

Epulse /nJ

283

416

410

399

5
0

1m after active fiber
2m after active fiber
2m after SESAM
short cavity
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Figure 39. Comparison of OSA spectrums.

Table 3 presents the measured output powers(Pout ), repetition rates (Frep ), pulse durations, and the particularly calculated peak power (Ppeak ) and pulse energy (Epulse ) values. According to table results, it is clear that the pulse repetition rate has reduced with
the increased cavity length, and simultaneously, the pulse duration has increased.

64
The RF spectrums recorded from the RF spectrum analyzer for all four configurations
are illustrated in Figure 40. The estimated SNR values for all these cavity lengths were
greater than 70 dB, demonstrating that the laser was stable throughout the measurements.
The RF spectrums were corresponded to the first harmonic (fundamental frequency) of the
RF pulse train and signified the pulse repetition rate of the proposed laser. The measurements were performed with constant parameters such as 10 Hz of resolution bandwidth
and video bandwidth. The averaging was not applied to the recorded results.
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Figure 40. Comparison of RF spectrums.

Pulse duration comparison was obtained by conducting FROG measurements individually
in each cavity configuration. In Figure 41, subplot (a) and subplot (b) present experimental autocorrelation and retrieval estimated autocorrelation results, respectively. In this
experiment, although the shorter cavity length offered a stable FROG evaluation, the increased length caused to the induced dispersion effects and pulse stretching that led to
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a drop in the laser peak power. According to that, we observed some instabilities in the
laser and which describes the fluctuations in the autocorrelation trace.
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Figure 41. Comparison of FROG measured autocorrelation and estimated autocorrelation for
different cavity lengths.

5.2

Linear cavity SESAM-based laser

As discussed so far, passively mode-locked lasers, fabricated mainly utilizing semiconductor saturable absorber mirrors have presented reliable ultra-short pulse generations. In
general, the laser cavity structure is simple, and the configuration can be either ring or
linear. In this section, we present an experimental analysis of a passively mode-locked
SESAM-based linear laser cavity.

5.2.1

Experimental setup

The schematic of the proposed experimental setup is shown in Figure 42. In this case, the
"Evaluation kit Pico-second Fiber laser PSFL1030" was utilized to fabricate the suggested
linear laser cavity. In contrast to the earlier proposed ring laser cavity, the optical elements
were connected via FC/APC connectors despite splicing. Thus, the optical contacts and
the mechanical stress between connectors can control the stability of the laser to a certain
extent.
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Figure 42. Schematic illustration of the SESAM based linear cavity configuration.

The presented self-starting passively mode-locked linear laser cavity in the figure consisted of a semiconductor saturable absorber mirror (SESAM), 975 nm diode laser pump,
and a WDM (980/1030 nm ) to couple the pump light into the cavity and a fiber Bragg
grating (FBG). A 30 cm long ytterbium-doped active fiber was used as the gain medium.
Here, the SESAM was functioned as a reflective mirror in the general Fabry-Perot resonator and a non-linear optical element to encourage the mode-locking process. Specifications of the employed SESAM are presented in Table 4. Since the SESAM was
examined as a component with zero transmission through the mirror, the reflectance was
decided by the absorption parameter (where R = 1 − A) at a particular wavelength.
Moreover, the Fiber-Bragg grating (FBG) was connected at the other end of the cavity as
the second reflector to construct the Fabry-Perot resonator configuration. Table 5 summarizes the specifications of the FBG. Finally, the output was obtained via a 90/10 output
coupler. The total cavity length was determined as the distance between the SESAM and
middle of the FBG was around ∼ 1.5 m , while cavity round trip time was t = c/2 ∗ 1.5
m.
The laser output was monitored from an optical spectrum analyzer, a power meter, and
a digital oscilloscope (TDS3052B 500MHz). The lasing threshold was determined as
55 mA, and the corresponding pump power behavior of the laser diode is illustrated in
Figure 43.
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Table 4. Saturable absorber mirror (SESAM-1030-32-1ps) specifications.

Laser wavelength

λ = 1030 nm

Absorbance

Aθ = 32%

Saturation fluence

Fsat = 0.3 J/m2

Relaxation time constant

τ = 1ps

Table 5. Fiber Bragg grating (FBG) specifications.

Maximum reflectance wavelength

λ0 = 1030 nm

Reflctance at λ0

R0 = 0.87

Reflectance spectral width

∆λF BG = 0.8 nm
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Figure 43. Pump power versus current in SESAM-based linear cavity laser.

The output power was less for this laser compared to the previous ring-cavity presented in
Section 5.1 equalled to 1.52 mW at the mode-locking threshold. The laser was first started
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with the q-switching regime and then with the increasing pump power, the stable modelocked range was achieved. However, the pump threshold for the stable mode-locked
lasing was comparatively high compared to the q-switching threshold. In other words, the
Q-switching threshold was observed around pump power ∼ 55 mW, and the threshold for
the stable mode-locking was measured at pump power ∼ 108 mW.
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Figure 44. Comparison of optical spectrum for different pump powers.

Figure 44 compares the measured spectral laser emission obtained from the DSA 72004
digital series analyzer for four different pump powers. From the figure, one can observe
that the spectral width of the optical spectrum increases with the increasing pump power.
Besides that, one of the typical characterizations for positively dispersed lasers such that
sharp-edged optical spectrum can be observed from the current laser as well. The maximum spectral width at FWHM (3 dB) was measured as ∆λ ∼ 0.619 nm when the pump
power was 140 mW and the central wavelength was at λc ∼ 1029.5 nm . Additionally,
three other cavities were examined to accomplish the best stable cavity configuration;
(i) same cavity designed by placing WDM outside the cavity to reduce the cavity length
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(Frep = 8 ns), (ii) the same cavity as presented with extra 1 m , and (iii) extra 2 m of
PM 980 fibers added between YDF and the WDM to increase the cavity length (repetition
rates were Frep = 24 ns and Frep = 34 ns, respectively). In the first configuration, even
though the laser was stable, the pulse repetition rate was very high, which led to difficulties during DFT measurements. The other extended configurations were unstable, and
it was challenging to stabilize them for a certain period to proceed with RF, FROG, and
DFT measurements.
The laser demonstrated a stable mode-locking phenomenon during the self-starting modelocking regime. Figure 45(a) presents the oscilloscope trace for the mode-locked pulse
train with the fundamental repetition rate of 72.8 MHz at the 140 mW of launched pump
power. The average output power was monitored as 2.34 mW at the similar pump power.
Subsequently, the corresponding peak power and the pulse energy were calculated as
21.9 W and 175 pJ. Alongside, the RF measurements were conducted using the same
RF spectrum analyzer from the ring cavity laser. Figure 45(b) depicts the estimated RF
spectrum equivalent to the first harmonic (related to the fundamental frequency of the
laser) at 10 Hz of resolution and video bandwidth. The measured SNR was about 78
dB. The upper right corner of Figure 45(b) shows the wideband (span = 386 kHz) RF
spectrum, which evidences the stability of the laser operation.
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Figure 45. (a) Oscilloscope trace and (b) RF spectrum of the mode-locked laser.
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5.2.2

FROG measurements

In order to have a better comparison with the ring cavity SESAM-based laser, the FROG
measurements were conducted for the linear cavity laser as one of the pulse characterization techniques. Figure 46 illustrates the input spectrogram (see Figure 46(a)) and the
corresponding FROG algorithm retrieved spectrogram (see Figure 46(b)). Since the laser
launched a low average output power compared to the ring laser cavity(which significantly
limits the laser output intensity) the signal alignment for the MS-FROG was challenging.
Consequently, this explains the fluctuations in the input spectrogram, and despite that, the
FROG retrieved spectrogram was compatible with the measured scheme.

(a)

(b)

Figure 46. (a) Input spectrogram and (b) FROG spectrogram retrieved from the experimental
spectrogram for linear cavity.

Furthermore, for this laser configuration, the pulse duration, temporal phase and intensity, and the spectral intensity and phase were measured following a similar procedure as
mentioned in section 5.1.2. Accordingly, obtained pulse width was ∼ 7 ps (FWHM), and
the measured raw autocorrelation value was ∼ 10 ps (FWHM). Considering both ring and
linear SESAM based laser configurations, it is obvious that the shorter cavity length has
demonstrated a shorter pulse width alongside the high repetition rate.
The optical spectrum recovered from the FROG at central wavelength 1028 nm is displayed in Figure 47. The optical bandwidth at FWHM was monitored as 0.9 nm, which
was slightly higher than the OSA measured optical spectrum. Nevertheless, as the figure
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shows, the spectral shape that is unique to this particular laser can be observed form the
FROG recovered spectrum, thus demonstrates the reliability of the FROG retrieval.
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Figure 47. FROG retrieved spectrum.

Figure 48 displays the behaviour of the FROG retrieved temporal phase, temporal intensity, and the autocorrelation with respect to the time. The parabolic indication of the
retrieved phase clarifies that the optical pulse was positively chirped, and the laser was
functioning under the normal-dispersion regime.
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Figure 48. The illustration of recovered temporal phase (in black), experimental autocorrelation
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5.2.3

DFT measurements

In this section, the laser was further characterized by measuring the qualitative evolution
of start-up dynamics in the mode-locked scheme from TS-DFT single-shot measurements.
The evaluation of start-up dynamics reveals the build-up time, Q-switching instabilities,
and the self-starting abilities of the laser. Even though the TS-DFT technique was utilized
to understand the build-up dynamics, here, only the start-up process is presented.
The measurement setup was similar to the ring cavity configuration explained before.
The output was sent through a dispersive media (∼ 5 km of SMF spools) to time stretch
the pulse to record with the high-resolution real-time oscilloscope (Tektronix DSA72004
Digital Serial Analyzer with 20 GHz bandwidth) and the same high-speed photodetector.
Figure 49 illustrates the recorded start-up dynamics of the passively mode-locked laser.
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Regardless of the ring cavity SESAM-based laser, the full pulse envelope was captured
with a high-resolution bandwidth. Although a clear definition of 100 ms of Q-switched
mode-locked region was obtained with the ring cavity explained in Section 5.1.3, in this
case, it was limited to 16 µs, by neglecting low-resolution bandwidths.
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Figure 49. Start-up dynamics of linear cavity.

5.3

Nonlinear amplifying loop mirror based laser

When passively mode-locked fiber lasers are manufactured, the real saturable absorbers
(SESAM) and the artificial saturable absorbers (NPE) are the most prevalent techniques
applied. Apart from that, nonlinear optical loop mirrors and non-linear amplifying loop
mirrors as artificial saturable absorbers are attractive approaches used to acquire picoseconds pulses in ANDi mode-locked fiber lasers. Unlike the SESAM-based lasers, this
technique relies on the interference between two pulses propagating in two opposite di-
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rections inside the loop. In this section, we present a passively mode-locked all-PM-fiber
laser based on a non-linear amplifying loop mirror and this cavity configuration is in line
with the publications presented by [80, 105].

5.3.1

Experimental setup

The schematic of the experimental laser cavity is presented in Figure 50. Despite two
SESAM laser cavities presented before, in this case, the laser was constructed with two
ring cavities, namely, the “MAIN” cavity and “NALM” cavity.

300mW pump
Pump
ISO
1m of YDF
WDM

3 nm BPF

ISO

MAIN
OC 60/40
OC 70/30
40%

60%
0.5m of YDF

NALM
Pump

1m of PM 980

1W pump
WDM

Figure 50. Schematic presentation of the NALM laser.

The experimental setup of the MAIN loop consisted of the following main components,
namely, 300 mW diode laser pump, polarization-maintaining isolator, 3 nm bandpass
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filter, 70/30 output coupler, and 1 m long YDF. Concurrently, the NALM loop contained
0.5 m of active fiber (similar to YDF) as the laser amplifier. Similar to those two SESAMbased laser cavities presented before, all the components in this laser were polarizationmaintaining, including fibers.
Regardless of the NALM loop, the MAIN is primarily a cavity capable of generating
continuous-wave (CW) lasing. However, the initial requirement for the mode-locking, the
saturable absorption was provided by the second NALM scheme. In this case, the NALM
was exemplified as an artificial saturable absorber and a mode-locking element. Two
schemes were combined from a 60/40 output coupler, to further stimulates the counter
propagation of pulses inside the NALM. It should be noted here that only the intensified
counter propagating pulses with relatively higher nonlinearities could survive and undergo
a constructive interference to get mode-locked.
To start the lasing, the required pump power level was 250 mW for the MAIN and 350
mW for the NALM. However, at this stage, the laser-produced multi pulses with five
circulating pulses. Thus, to reduce it to a single pulse, the pump given to NALM was
reduced to 150 mW. The output power of the mode-locked laser was measured as 16 mW
and the corresponding peak power and the pulse energy were ∼ 131 W and ∼ 1.18 nJ ,
respectively.
Contrasted to the previous lasers, the NALM laser reported wider spectral bandwidth
with shorter pulse duration. The optical spectrum of the laser explained in this section
is illustrated in Figure 51, which carries the typical spectrum shape of the ANDi modelocked laser output (cat ear shape). The optical spectrum was monitored in the logarithmic
scale and measured spectral bandwidth was 14.276 nm (6 dB) at the central wavelength
of 1034 nm. The corresponding stable mode-locking oscilloscope trace is presented in
Figure 52a. The repetition rate of the laser was ∼ 13.6 MHz (∼ 73 ns).
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Figure 52. (a) Oscilloscope trace of the mode-locked laser (b) RF spectrum of the mode-locked
NALM laser: measured signal (black line) and noise level (red line).

The mode-locked single pulse oscillation was additionally confirmed with the RF spectrum analyzer. RF spectrum of the output laser signal was diagnosed. The spectrum
corresponding to the fundamental frequency is shown in Figure 52b. Radio bandwidth
and video bandwidth were set to 10 Hz and for each time, the averaging was turned off.
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The SNR was 63 dB , which indicated that the laser was operating under stable modelocked regime . The insert depicts the wide-span full train of the first ten harmonics,
which further initiate the stable mode-locking regime of the laser.

5.3.2

FROG measurements

We conducted the FROG measurement for the NALM laser in order to compare it with
the previous two mode-locked laser configurations. In a similar way, the FROG technique
was utilized to determine the pulse duration, temporal profile, and temporal phase. As can
be seen from Figure 53, the experimental spectrogram was measured first, and the retrieval
spectrogram was achieved by cautiously adjusting the FROG algorithm parameters.

Figure 53. Experimental spectrogram and the FROG retrieved spectrogram from the input spectrogram.

By employing the FROG measured spectrogram, the optical spectrum was recovered.
The retrieved optical spectrum is illustrated in Figure 54 with the OSA measured optical
spectrum to evaluate the prediction. The spectrums are plotted on a linear scale. As one
can see from the figure, even though these two spectra demonstrate a similar spectral
shape, the bandwidth is shorter in the FROG retrieved spectrum.
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Figure 55 shows the experimental autocorrelation, recovered temporal profile, and temporal phase. The pulse duration was recorded as 9.4 ps. The temporal phase indicates that
the laser is positively chirped.

5.3.3

DFT measurements

Following similar approaches as the previous two laser configurations, we investigated
the build-up dynamics for the NALM laser (start-up dynamics, transition, and stable
mode-locking) by employing the DFT technique, high-speed photo detector and the highresolution oscilloscope. The experimental setup was similar to the scheme presented in
Section 5.1.3. In this case the only difference was that, the laser output was taken from
a NALM laser and the length of the dispersion compensating SMF spool was around 5
km. Pump power from the MAIN and the NALM was maintained at 250 mW and 150
mW, respectively. Together with the optical spectrum analyzer, the average spectrum of
the mode-locked laser was recorded from the DFT technique (see Figure 56). These two
spectrums further reveal the accuracy of the delivered DFT measurements.
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Figure 56. (a) Average spectrum obtained from DFT method and (b) Optical spectrum measured
from the OSA.

Figure 57 presents the Start-up dynamics of the NALM laser. Unlike the earlier introduced SESAM-based lasers, to apprehend the total build-up window, the sample rate was
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reduced to 62.5 MS/s (see Figure 57(a)). Similar to the other two lasers, the unstable
Q-switching was monitored for about ∼ 110 ms, and then after the transition time window, the laser has endured a stable mode-locking scheme. An expanded illustration of
the unstable Q-switched region is presented in Figure 57(b). Figure 57(c) depicts the further extended version of a Q-switched burst. Although the figure demonstrates the clear
representation of Q switched instabilities, the fundamental repetition rate was maintained
through the time window. Figure 57(d) presents the stable mode-locking scheme with the
cavity round trip of 73 ns .
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Figure 57. Start-up dynamics of the NALM laser.

Transition dynamics recorded with higher bandwidth resolution (50 GS/s ) are displayed
in Figure 58(a). A similar procedure was applied to obtain both start-up and transition
dynamics for all three lasers. The transition boundary is expanded and illustrated in Figure 58(c), (d), and (e). Figure 58(b) is related to the stable mode-locking region.
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6

Conclusion

The focus of this thesis was to provide a detailed analysis of mode-locked polarizationmaintaining fiber lasers operating at 1.4 µm wavelength range. The main objective of this
study was to evaluate the pulse dynamics of all-fiber fiber lasers by using passive modelocking technique. Accordingly, we demonstrated pulse characteristics of three different
passively mode-locked lasers (i) a ring cavity SESAM-based laser, (ii) a linear cavity
SESAM-based laser, and (iii) a NALM laser with real and artificial saturable absorption
properties. Standard ultrashort pulse characterization techniques were employed to diagnose laser behaviours further. For example, to distinguish the differences in pulse chirp
and compressibility, the FROG technique was used. Moreover, the DFT measurements
were carried out to understand the differences in start-up mechanisms in different modelocked methods. The optical spectrum and the RF spectrum were also examined, and
these characterization techniques were investigated for all three cavity configurations to
provide an equalized comparison. The laser schemes presented in this study were consisted of Yb-doped active fiber as the gain media, and were operated under all-normal
dispersion regimes.
The proposed ring cavity SESAM laser was experimented under a stable mode-locked
region at the pump power of 92 mW and the average output power of ∼ 8 mW. The
fundamental repetition rate was encountered as Frep = 27.52 MHz with the FROG. The
estimated pulse width was 11 ps corresponding to ∼ 11 m of the cavity length. Accordingly, the peak power and the pulse energy were Ppeak ∼ 26.4 kW and Epulse ∼ 291 nJ,
respectively. A comparison between three different cavity lengths was provided to identify pulse width behaviour and the stability of the laser. The laser mode-locked with a
shorter cavity length (9.3 m) displays the shorter pulse duration 10 ps and fewer fluctuations.
Considering the observations of the linear cavity SESAM-based passively mode-locked
laser, the peak power and pulse energy were determined as Ppeak ∼ 21.9 W and Epulse ∼
175 pJ. Similarly, the FROG technique was utilized to measure the pulse width, and it
was recorded as 10 ps. Out of all three cavity designs, the linear scheme displayed the
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higher repetition rate and it was determined as Frep ∼ 72 MHz at Ppump = 140 mW pump
power.
As further comparison was made with the NALM laser. The broadest spectral bandwidth
out of all other configurations was achieved from this laser cavity. In comparison with
the two lasers mentioned above, the NALM required a higher pump power, and the laser
started first with the multi pulsing region, and then it reduced to a single pulsation regime.
Moreover, the NALM laser offered a shortest pulse duration, which was 9.4 ps. In this
case, fundamental repetition rate was recorded as Frep ∼ 13.6 MHz. Finally, the built-in
dynamics of these three lasers were studied and reported.
To sum up, we have investigated and presented a comprehensive evaluation of two intriguing passively mode-locked techniques, including three laser designs that are highly
employed in generating ultrafast pulsed fiber lasers. All in all, as we have summarized
the most of pulse characteristics within this study, we are confident that the observations
provided in this thesis will benefit and provide more advantages to the researchers in the
field of fiber lasers.
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