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ABSTRACT

This thesis focuses on the design and construction of a
multiwavelength fiber laser that operates in both Ytterbium-doped fiber
(YDF) and Erbium-doped fiber (EDF) using newly developed highly
nonlinear nanomaterials as gain equalizer and stabilizer. Three types of
nanomaterials have been utilized in this work namely nickel nanoparticles
(Ni-NPs) and Ferro oxide (Fe,O3-NPs) and silica (SiO,-NPs), which were
fabricated in simple, straight, and cost-effective methods with two different
forms: liquid form and freestanding polymer composite for later used in the
laser cavity as optical modulator. They were incorporated inside the laser
cavity. Four-wave mixing assists multi-channel oscillation, alleviation
mode competition, and mode hopping in rare-earth-doped fiber lasers used
the aforementioned nanomaterials was investigated. Besides that, fiber
lasers with different operation regimes (continuous wave, Q-switched, and

mode-locked) have been successfully demonstrated.

Multiwavelength was simply generated in the L-band and 1 um
region with channel spacing of 0.8 nm and 1.2 nm when a Ni-thin layer
was integrated with the YDF and EDF laser cavities, respectively. While,
as a small piece of the Ni-thin flim sample was integrated into a ring cavity
of both YDF and EDF laser cavities; passively Q-switching
multiwavelength with pulse duration of a 1.5 us and 138 ns were realized,
respectively. Besides, mode-locking pulse was realized in YDFL too.

Five-lasing channel perceived around 1040 nm region, operated in
CW regime, and dual- lasing channel detected around 1563 nm, operated in
Q-switching mode with smallest pulse duration of 7.18 pus and utmost
repetition frequency of 30.74 kHz have been obtained when Fe,03;-PVA
was incorporated in both EDFL and YDFL cavities, respectively. Also,
multiwavelength operated in the mode-locked regime has been detected

around 1 um induced by the high nonlinear effect of Fe,O3-NF.



i

Q-switched pulses having minimum pulse duration of 4 us induced
by SiO,/PVA have been generated from the EDFL cavity. Besides, the
SiO,/PVA and SiO,-NF modulators induce CW dual-wavelength, and
pulse quadruple-wavelength in the 1 um band.

Multiwavelength emitted in CW, Q-switched, as well as mode-
locked, were realized from EDFL based on Fe,03/SiO, nanocomposite.
Also, more than 20 lines with SNR between 9 dB and 46 dB with many
numbers of side modes lasing in mode-locking operation were realized
from YDFL based on Fe,03/SiO;, nanocomposite.

The proposed fiber lasers can be exploited in several fields of
application such as wavelength division multiplexing, spectroscopy, and

sensing.
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Chapter One

Introduction and Basic Concepts

1.1 Background

Since 1960, when Theodore Maiman had demonstrated the first
Ruby laser operation [1], the story of the success of different inventions of
new laser sources continues which can create an intense light with amazing
features of a single- and later multiple-wavelength. The unique features of
the emerged coherent light had opened up numerous new areas for
scientists, including nonlinear optics, fiber optics, and optoelectronics.
Shortly thereafter, the prototype of the fiber laser was also proposed in
1961 when Snitzer published his well-known manuscript on oscillation of
the laser in glass [2] and later reported on the prospect of fiber laser action
[3]. Little times after, in 1964, the amplification of fiber laser generation in
a gain fiber was experimentally proved by Koester and Snitzer [4]. After
that several attempts were made by many research groups, but many issues
placed earnest fiber laser exploration stop for many years. It is noteworthy
that numerous facilitating technologies have been responsible for the fast
performance scaling of fiber laser techniques and their enormous market
prosperity in various applications. The suitable pump source and the
homogeneously doped fiber active mediums still challenging issues for
many years later. Passive and active techniques were employed to generate
short pulses in the ps and ns pulse and ultrashort pulses in the ps and fs
pulse widths since the early times of the first laser demonstration. Fiber
lasers were also capable to generate such short and ultrashort durations but
need a suitable pump power in the sense of power and adaptation.

After the 1980s, with the development of optical fiber technology
and the evolution of relatively influential, reliable and powerful

semiconductor lasers and semiconductor-pumped laser techniques, fiber
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laser technique has been promoted quickly. It was escorted via the
employment of fiber laser technique in optical communication that utilized
a fiber amplifier instead of a fiber laser idea. The fundamental phenomena
and innovations built thru the first communication era acted —and are
remaining acting —an essential job in the improvement of fiber laser/
amplifier techniques. It is also exciting to notice how progress in fiber
optics have revolutionized laser science technique, specifically for ultra-
fast optical devices and networks [5].

A fiber laser employs rare-earth-doped fiber to play a function of a
gain medium. Many types of rare-earth ions have been doped into the fiber
to deliver gain in diverse wavelength bands (0.4-4 um) [6-8] including
neodymium (Nd**), erbium (Er*"), vytterbium (Yb*"), thulium (Tm®"),
praseodymium (Pr**) and holmium (Ho*) [5,9]. It noteworthy, that
historically the first fiber laser demonstrated utilizing the Nd** ion; and
then a lot of researches have been accomplished using this active doped ion
type in fiber laser which has shown good spectral and temporal
characteristics. However, engineers and researchers transferred their
attention to Yb>* and Er*, in which the features of these rare-earth ions
were increased by the development of the technology of 970-980 nm laser
diodes which utilized for exciting the fiber lasers. Furthermore, Yb**
exhibits excellent conversion efficiency, wide tuned range around 1000 nm
spectral region, as well as fast power storage period. Additionally, Yb**-
doped fiber lasers drawn more consideration after 2000 of the current
century due to their ability for delivering high power levels. On the other
side, with more progress in the development of optical telecommunication,
Er**-doped fiber lasers happen to be the topic of extreme focus due to low
loss in the 1.55 um which makes it attractive in optical communications
systems [5].

Nowadays, multiwavelength fiber lasers have attracted noteworthy

study concentration owing to their wide field of applications in distributed
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multiplexing, laser ranging, spectral analysis, sensing, and so on [10,11].
Up to the present time, many techniques have been proposed to generate
multiwavelength fiber laser with different spectral ranges of operation.
Consequently, several kinds of multiwavelength fiber lasers based on
various gain mediums have been reported, in which the choice of gain
medium notably influences the stability of the multiwavelength lasing in
fiber systems. Usually, inhomogeneous gain media are more widespread
options compared with homogeneous media as the earlier participates in
the stability of the multiwavelength fiber laser system [12,13].
Homogenous gain medium such as the doped fiber experiences from large
instability at room temperature process owing to large gain broadening and
mode competition between neighboring modes [14,15]. Therefore, many
techniques based on the stimulating inhomogeneity within the gain medium
have been developed that made the multiwavelength lasing more stable at
room temperature. These techniques can be categorized in terms of lasing
techniques being employed as: either ‘passive’ techniques which based on
the interferometric filter such as Mach-Zehnder [16], Fabry—Perot filters
[17], and Sagnac loop mirrors [18]; or ‘active’ nonlinear phenomena such
as four-wave mixing (FWM) [15], stimulated Raman scattering (SRS) [12],
stimulated Brillouin scattering (SBS) [19], and nonlinear polarization
rotation (NPR) [12]. On the other side, inhomogeneous gain based on the
nonlinear medium is popular technique for generating multiwavelength
lasers, which these techniques deliver a good stability regardless of
demanding high power supply and highly long length gain media for the
influence to obvious [12,15,20]. Thus, the combining of the homogenous
and inhomogeneous gain media in the fiber system can be proposed for the
generation of multiwavelength fiber lasers [21,22].

In recent times, nanostructure materials have become a principal
element of particular laser cavities and drawing important functions in all

areas of engineering. The optical features of such innovative materials
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should meet the conditions of the laser cavity. Moreover, employing such
passive elements into the fiber oscillator can employ them to
simultaneously or separately function as gain stabilizers for a
multiwavelength generation as influenced by the real part of the third-order
optical susceptibility. Whereas, the imaginary part of the third-order optical
susceptibility influences the modulation character for pulse operation
regimes [23-25]. Generally, the nonlinear influences are mainly dependent
on the type, size, and geometry of the nanoparticles themselves [26,27].
Accordingly, multiwavelength fiber lasers based on nanostructure materials
can be emitted in different temporal operations including the continuous
wave (CW) [28], Q-switched [29], and mode-locked [30] operation
regimes. For the CW regime, the laser emits an optical wave of steady
output power, a narrow linewidth emission, and good coherence. While in
the pulse regimes; the emitted signal has a pulsed profile shape, described
by parameters including pulse repetition rate, pulse duration, and pulse
energy. The Q-switching fiber lasers which could produce short pulses with
high energy up to several milli-joules has a wide range of application in
many aspects, such as range finding, remote sensing, ladar,
telecommunication spectroscopy, and biotechnology. Instead, mode-
locking is the second method for pulse generation with lasers. It generates
ultrashort pulses on the range of nanoseconds to femtoseconds. But, related
to the mode-locking, Q-switching creates much lower pulse repetition rates,
much longer pulse durations, and much higher pulse energies. Both
techniques are important in the progress of laser technology and sometimes
applied together [5,8]. In this regard, the investigation of new
nanomaterials is one of the essential matters of modern science and
technology. A numerous of these nanomaterials including carbon-based
nanomaterial [31,32], black phosphorus [33,34], and semiconducting
transition metal dichalcogenides (e.g. WS,, MoS,, MoSe,, and WSe,) [35—



5

38] have been experimentally investigated and demonstrated in many fiber
laser cavities.

Recently, more focus on the transition metals[29,31,39,40] and
transition metal oxides[11,30,41-44] nanomaterials have been observed to
assist as effective nonlinear materials for many kinds of fiber lasers-based
on different structures/mechanisms, owing to their notable optical features
like great 3™ susceptibility, wideband absorption, wideband surface
plasmon resonance and short response time. In particular, the transition
metals are tunable over a wideband spectral region covered to several
hundreds of nanometers, leading those promising elements for various
developments in the area of photonics like saturable absorber for pulse
generation, wavelength conversion, and wavelength comb generation [45-
47].

1.2 Principles of Fiber Lasers

Fiber lasers are a distinctive type of solid-state lasers that possess
many promising physical features that differentiate them from other types
of lasers in regards to performance, functionality, and practicality. Fiber
lasers have confirmed the advantage of good beam quality, high brightness,
quite an excellent wavelength stability with environmental effects, great
opto-optical efficiency, and improved heat dissipation owing to their bigger
surface to volume ratio of the gain medium [48,49].

Even after the demonstration of the fiber laser, a series of laser
structures has been engineered utilizing ions-doped fiber [2], optical
nonlinear effects [50], or the combination of these two techniques as the
optical gain medium [51]. Even though active laser practice has been
witnessed from optical nonlinearity inside the fiber lasers oscillator, the
utmost study assurance has been employed on the perfection of ions-doped
techniques. That has been encouraged through the remark that considerable
ions concentrations could be hosted into the core of traditional

communications fiber void of reducing the promising features of the fiber
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[5]. Typically, the rare-earth ions are doped in the core of silica glass host
to be an active fiber, which these doping rare-earth ions make the fiber to
be a distinctive medium that exhibits a low attenuation loss, as well as high
gain, can accomplish [52]. Intense absorption ranges are constructed via the
doped ion, whereas the little waste wave guiding features of the fiber are
preserved at the lasing peak of the rare earth ion. This rare-earth is optically
active; therefore it can absorb light at one wavelength and emit light at
another. Generally, fiber lasers are pumped by cost-effective laser diodes.
The emitted wavelength of the laser should be matching with the exciting
wavelength of the designated dopant ions of the fiber gain medium.
Accordingly, fiber lasers become able to lase above a large spectral band
extended from 0.4 to 2.9 pm with a somewhat narrow beam output laser
[8,53]. Usually, the emitted wavelength of fiber lasers is specified by the
transitions among the energy states of the doped rare-earth ions, in which
the absorption and emission transitions wavelength are independent of the
fiber host matter. Moreover, the active gain fiber matter is somewhat long,
which the signal and pump so appreciably over the total length of the doped
fiber [52,53].

1.3 Optical Components with Fiber Lasers

In addition to the amplifying gain medium, there is a difference in
passive fiber optics elements that are utilized in optical fiber laser systems
to implement the precise job. These passive elements split, redirect or
combine the light signals. The most popular passive fiber optics elements
that commonly utilized are wavelength division multiplexing (WDM),
isolator (I1SO), fiber filters, polarization controller (PC), and coupler. Each
of these passive elements has functions which are described in detail in the
next sub-sections. Then, the subsequent subsections explain probable cavity

structures employed for the fiber lasers and then the explaining the
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spectroscopy of the most potential doped-ions that have been employed to

function in a host fiber is present.

1.3.1 Wavelength Division Multiplexing (WDM)

Often, it is wanted to split or combine different signals in fibers
corresponding to their wavelength [54]. WDM elements are specified
coupler kinds that permit light from two or more optical sources of various
spectral wavelengths to be propagated in parallel into a single optical fiber.
In a fiber laser, WDM is an ideal solution to combine signal and pump with
little insertion attenuation, permitting the combined signal and pump to be

traveled within the same gain fiber without interference [55].

1.3.2 Optical Isolators (1SO)

Forward Polarizer % Block

/ Polarizer

Faraday oo
crystal

Polarizer Faraday

crystal

Fig.(1.1): Isolator operation [55].

Backward

When light propagates through fiber splices, connectors, and other
optical elements there are several probabilities for back reflection. These
reflections typically materialize after light propagates via an interface
vertical to the direction of the light path. But, an isolator is utilized to save
the signal and pump sources from back-reflections. Generally, the optical
isolator is a two-port passive element that permits light (in a specific
wavelength band) to travel through with little loss in one direction,

although isolating (giving a high loss for) light traveling in the reverse
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direction [55,56]. The operation principle of the isolator is illustrated in
Fig. (1.1).

1.3.3 Polarization Controller (PC)

PC is a device that allows adjusting the state of polarization of light
within a fiber. The fiber polarization controller enables the induced
birefringence by bending a fiber. In all-fiber systems, the polarization state
can be adjusted by the fiber itself which can operate as a birefringent
retarder plate. Generally, as the axes of the circular core fibers are straight,
there are not birefringent which is, the two orthogonally polarized LPg,
modes possess identical effective indices. That is because the birefringence
can be induced when a fiber is exposed to stress. Then bending such a fiber
initiates stresses in the fiber and forces the fiber linearly birefringent with
the fast and slow axes in the plane and vertical to the plane of the loop,
respectively [57,58].

Fig. (1.2) shows two types of PC. The first one composes of optical
fiber wrapped in a circle around three plates with a variable number of fiber
loops. This type of PC employs these coils in a sequence, where the middle
coil functions as a half waveplate and the other two as quarter waveplates.
Each coil can be rotated around an axis coordinated with the input and
output fibers, which state of polarization can be adjusting by the
orientations of the three coils. The other PC employs a mechanical fiber
squeezer by rotating it to adjust an arbitrary input polarization to any
required output polarization. Through tightening the knob on the fiber
squeezer, the pressure will be applied to the fiber which is sandwiched
between two pressure plates in the center portion of the device. This leads
to induce a linear birefringence in this portion of the fiber with its slow axis
in the direction of applied pressure. Also, through the rotating of the fiber
squeezer about the fiber, the induced birefringent axis can be changed
[59,60].
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Fig.(1.2): Polarization controller, (a) three puddle PC [59], (b) in-line
PC[60].

1.3.4 Fiber Output Coupler (OC)

OCs are generally utilized for light coupling between various fibers.
The opportunity for a division between various fibers frequently demands
that a signal be dividing into two (or more) ports or two (or more) ports are
to be joint into one fiber. OCs are generally bidirectional and exhibit little
back reflection and insertion attenuations. The most forms 2x2 or 1x2 ports
couplers with various dividing are employed for the output of laser
generations of the fiber laser[55]. The simplest form of this device is a 2x2
coupler as depicted in Fig. (1.3). In general, those couplers are
manufactured by twisting two SMFs together in which their cores become
so close over a specific length of the fiber. As light guided in one fiber may
then the evanescent fields leak over to the other one. This is a coherent

approach that is greatly wavelength-dependent [57].
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Fig. (1.3): Schematic Diagram of Fiber Output Coupler [57].

1.3.5 Optical Filters

Optical filters are utilized in widespread fields of application within
optics and optical fiber systems. Optical filters are frequency domain
systems that chosen weaken or pass specific wavelengths. The common
parameter in all-optical filters is their reliance on particular wavelength-
sensitive influence. Generally, optical filters are dependent either on
interference or diffraction phenomena [55]. There is a huge variety of
optical filter configurations. The next filters are the most familiar [56]:
Mach-Zehnder, Fabry-Perot, Fiber Bragg grating (FBG), and Saganc loop

mirror.

1.3.6 Fiber-Coupled Diode Laser

Fiber lasers are optically pumped by a diode laser of an appropriate
wavelength. The crucial benefit of diode pumping is the excellent optical
conversion efficiency due to there is excellent matching between diode
laser central wavelength and the absorption spectrum of the fiber gain
medium [49]. Generally, the fiber gain medium is longitudinally pumping
which the pump signal can be guided along the fiber length through either
the core itself, as the classical single-mode fiber laser, or an inner cladding
that surrounding the core-that is term as double-clad fiber laser, this
scheme delivering high output power. Depending on the coupling

technique, the most common pump structure is the end pumping structures

[5].
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1.4 Fiber Laser Cavity Configurations

Different laser cavities can be employed to operate the fiber laser.
Depending on the design parameters and the intended laser output in terms
of quality, wavelength, and/or power. For instance, to operate the laser with
a single longitudinal mode, linear cavities are subject to spatial hole
burning, so, the best alternative is to use ring cavity configuration.
1.4.1 Linear Cavity

Fiber laser with a linear cavity can be fabricated by positioning a

length of doped fiber between two reflectors such as dichroic dielectric
mirrors, fiber Bragg grating, or fiber loop mirrors. Also, this cavity consists
of some other intracavity optical components that are used to determine the
spectral and temporal characteristics of the output fiber laser [5,61]. The
typical schematic diagram of the linear cavity fiber laser is depicted in Fig.
(1.4).

Lens
— >
Pump | | Active Fiber Output
v Laser
Reflector Reflector
R=100%, R<100%
b
FBG FBG
Pump Active Fiber Output
Laser

Fig.(1.4): Fiber laser linear cavity configuration based on (a) two dielectric
mirrors [5], (b) FBG [57].

In these types of cavities, the cavity modes are typically theorized as
an overlap of double electromagnetic signals propagating in reverse paths
among reflectors of the cavity. Hence, standing waves are generated, that
after some cycles possess maximum and minimum interfering amplitudes.

Then, the resonant frequencies can be given as [5]:
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(o}

v=Mx (=) (1.1)

where, M is an integer, c is the speed of light in free space, n is the
refractive index of the core fiber which the light travels along the laser
cavity of length L. Hence, the frequency difference among two longitudinal

(consecutive) modes can be expressed as [5]:

Av = — (1.2)

T onL

The minimum amplitudes of the standing wave are accountable for
the spatial hole-burning influence that is generated inside the laser cavity,
which influences the laser spatial gain distribution, and then supports the
multispectral mode oscillation of the laser. So, this type of fiber design
with a somewhat lengthy cavity and great gain-bandwidth experiences
prompt mode hopping influence resulted from the spatial hole burning [5].
Besides, owing to the roundtrip character of the light path within the laser
cavity, as well the light travels twice per roundtrip cycle via the gain
medium, and then the laser gain/loss is considered twice per cycle. In this
cause, the gain medium attains deep saturation, and the spectral profile of
the output power above the entire amplified spontaneous emission (ASE)
span becomes flat, denoting that the peak power alternative is quite small
[62]. That is a vital property of the linear laser cavity, distinguishing it from
the one-directional ring laser cavity, which exhibits no spatial hole-burning
influence. Linear-cavity fiber lasers also possess some benefits in
comparison to ring-cavity fiber lasers such as accomplishing higher output
power readings with great signal to noise ratio (SNR) [63,64].

1.4.2 Ring Cavity

A ring resonator is an essential form of the fiber laser cavity, in
which the intracavity light propagates through the loop of fibers in one
direction; therefore the ring cavity may be accomplished using a folded
form. An integrated ring fiber laser system built from a fiber 1SO can be

spliced into the cavity to produce the unidirectional lasers, the exciting



13

source is injected into the oscillator via a WDM and the emitted laser is
extracted from the oscillator by employing a simply fiber fused OC. As the
light signal propagating unidirectional through the cavity, then less
roundtrip gain will create and the gain/loss will be counted once in this
cavity structure [5,61]. On the other side, to realize a phase shift situation
for the propagating light signal per round-trip cycle of the oscillator to be
match 2x, as alike condition of the linear resonator case, then the resonant

frequency expression can be given as [5]:

v =M X (i) (1.3)

nL

4m

Output Laser

Fig. (1.5): Fiber laser ring cavity configuration [57].

In the rig cavity, the hole-burning influence does not stimulate [65],
which assists to accomplish a very narrow, lone longitudinal mode of laser
generation. Fig. (1.5) shows a typical form of an integrated ring cavity. As
in the state of a linear cavity, this type requires some intracavity
components to achieve the desired performance and to determine the
spectral and temporal characteristics of the output fiber laser. Generally, a
PC is required inside the fiber laser oscillator to controls the state of
polarization inside the cavity against the physical movement and pending
[66]. Ring fiber lasers are known to be susceptible to power fluctuations.

However, the laser output power stability can be improved through an
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appropriate choice of laser parameters like the doped fiber lengths, the

coupling ratio on the output, and the total cavity length [67].

1.5 Spectroscopic Properties of Trivalent Rare Earth lons-Doped

Fibers

The transitions of rare-earth ion reveal in the spectroscopic spectrum
as narrow bands that differ slightly in energy level from one to another
(like crystals and glass), that is owing to a transmission of the ion by the
electron shells 5s and 5p. In glasses, the active media of fiber lasers, rare-
earth ions have spectroscopic features which are extremely identical to
crystals. But, they exhibit little fundamental variances related to the
environment glass character wherever the doped ion is hosted. Generally,
glass classified as disordered matter that exhibits an inhomogeneous
spectral broadening; thus, it demonstrates wide absorption/emission
spectrum of specific absorption/emission transition [5,8]. The subsequent
sub-units explain the spectroscopic properties of the greatest utilized rare-
earth ions (Yb®* and Er*") in the plan and demonstration of latest fiber
lasers.

Table (1.1) displays the most prevalent rare-earth ions occupied in
fiber lasers with their host glasses and emission wavelengths [5,52,68].

Table (1.1): Rare-Earth lons with their Absorption and Emission
Wavelength Ranges [5,52,68].

lon Absorption Emission Wavelength
Wavelength (nm) (nm)
Nd* 520, 590, 820 1000-1100
Yb* 860, 920, 976 1000-1100
Er® 520, 650, 800, 980, 1480 1500-1600
Tm® 800 1700-2100

Ho™ 2040, 2076 2100,2900
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1.5.1 Ytterbium lon-Doped Fiber (YDF)

Ytterbium ions are one of the most popular and promising dopant
based silica host media. It won more attention like a laser ion in the
structure of ytterbium-doped fiber lasers (YDFL). Ytterbium is a
motivating scheme as it possesses a simple energy level with just two
manifolds: the 2F;, ground state and the 2Fs, excited state, which the
ground state splits into four stark states, and the excited state splits into
three stark states. The little difference between absorption and emission
spectrum causes little quantum defect (which leads to reduce thermal load
per pump power unit) that participating in excellent optical-to-optical
efficiency (>90%). The energy state schema of the utmost significant laser
transitions associated with Yb*" is illustrated in Fig. (1.6). While the
absorption/emission spectrum of the Yb**-doped fiber are depicted in Fig.
(1.7). Yb**-doped fiber possesses broad and intense absorption ranges
around 976 and 915 nm which are fit for InGaAs laser diodes exciting.
These two absorption peaks belong to the shift from the lowest Stark sub-
levels of 2F-, level to the first and second Stark sub-levels of ?F, state,

respectively.
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Fig.(1.6): Ybs energy level structure [5].

Besides, Yb**-doped fiber possesses wide and appropriately strong
emission ranges around 950-1200 nm spectral band, as well as at 976 nm
with a zero-phonon line. YDF exhibits a quasi-three-state or four-state
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pattern depends on the pump wavelengths. For wavelengths emit in the
region shorter than 1080 nm, the lower laser transition level is very close to
the ground level, which this case alike to a quasi-three-level regime. While,
the wavelengths located in the region that higher than 1080 nm, the laser
transitions happen at energy states higher than ground-level, consequently

the system exhibits a four-level scheme behavior [69].
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Fig. (1.7): Absorption/emission spectrum of Yb**-doped glass [5].

The broadened exhibition of YDF initiates due to the ion-host lattice
interaction that provides wide levels which in turn permits for tunability of
laser action with a broad spectral range between 980-1150 nm. On the other
side, the wide gain bandwidth of YDF makes it desirable for an ultra-short
pulse and high power generation [69]. But, there is a challenge associated
with the Yb*'-doped fibers laser operation at huge-power states and big
Intense excitation states which are typically related to the so-called photo-
darkening effect of Yb*-doped fibers that has been ascribed for the
creation of color-centers in the doped fiber. Photo-darkening acts as a
sequential upsurge in wide-band absorption within the visible-region peak
of the absorption spectrum of the fiber [5,70].

Moreover, Yb**-doped silica fibers exhibit promising features

including longer excited-state lifetime (~1 ms), absence of quenching, and
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nonappearance of the pumped level absorption and up-conversion wastes
due to a simple energy-state structure. As the YDF operates within the 1
um band, this gains advantages since the laser generates in the normal
dispersion. Consequently, there is no demand for the external component to
compensate for the normal dispersion and to switch back the cavity into an
anomalous dispersion as in the case of employing EDF of TDF. But, to
generate a stable pulse, YDFL design should take into consideration the
nonlinearity influences like self-phase modulation (SPM) and group
velocity dispersion that result in instability and pulse broadening,
respectively. Generally, the influence of these two reversing effects
requires to balance out so which the cavity could generate soliton laser with
stable and ultrafast pulse [71].

1.5.2 Erbium lon-Doped Fiber (EDF)

Erbium ion (Er*") is generally employed as a gain part as it can
function at a little attenuation band of 1.5 um which appropriate for the
optical-communication field. The EDF can be utilized in laser (Erbium-
doped fiber laser "EDFL") and amplifier (erbium-doped fiber amplifier
"EDFA") systems, together, in which the function of both systems depends
on the same mechanism. Generally, EDFA can be converted to the EDFL
system by integrating a feedback arrangement in the design [72].

Fig. (1.8) displays the absorption/emission spectrum of EDF. The
absorption/emission wavelength peaks appear in the region around 1530
nm; so, the operating wavelength must be selected in the region in which
the absorption cross-section much smaller than the emission cross-section,
which is nearby 1550 nm. On the other side, the emission is broad which
covers the band from 1450 to 1650 nm. Additionally, EDF possesses many
absorption peaks that located at 520, 650, 800, 980, and 1480 nm.
Consequently, the optical excitation at each of these peaks has been
examined, but some of this pumping show a serious drawback that is

credited to the strong excited absorption state that results in an unwanted
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waste of pump photons. And so, 980 and 1480 nm the pumping
wavelengths are the most commonly employed, due to them because of the
absence of excited-state absorption [73].
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Fig. (1.8): Absorption/emission spectrum of the Er**-doped fiber (PKBA
Er glass) [5].
Fig. (1.9) displays the energy level diagram of Er** doped in silicate

1450 1500

glass with an optical transition of the 4f shell. From this figure, it can notice
that the lowest energy state 1150 regards a ground state for EDFL
transition. EDFL can be characterized as a three-state or quasi-three state
behavior [53]. The energy level of Er** is splitting into multiple sub-states
owing to stark influence. This splitting leads to the broad emission
bandwidth. As the pump photon is absorbed, EDF is excited to a state
of “l1y, or *ligp,, reliant on the pump wavelength utilized. Indeed, EDF
possesses two laser transitions that are practically detected through the
pumping process. The first one is the isp-*111, transition which
corresponds to wavelength ~980 nm. While, the other is the *l15,-"l135
transition, which corresponds to wavelength ~1480 nm. The relaxation
action among the i and *lysp energy states exhibits quick (us) non-

radiative decay [74]. In the present work, EDF has been agitated by
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pumping wavelength around ~980 nm that possesses a non-radiative
transition to a “l,3, state. Generally, the *l.3,-"l15, radiative transition is
the main and the most popular transition of EDF which is exploited to
generate the wavelength in the band around 1530-1600 nm. This transition
has a long fluorescence lifetime of ~10 ms. This feature is very vital, due
to the system quantum efficiency is reliant on time it can remain in that
excited level. If it recovers extremely fast, additional photons are
demanded to sustain it excited, denoting additional incident pump power is
demanded to create the amplifier action [75]. The 980 nm pumping is the
most popular scheme, owing to the better gain efficiency and SNR) for
small signal amplifiers. Also, it provides better quantum conversion
efficiencies and noise Figures for power amplifiers. Despite this, EDFLs
show little pump/lasing conversion efficiency which about 60-70 % from
the incident pump power can be waste in the heat form. Such a low optical-
to-optical efficiency makes the challenged researchers employ long-
wavelength pumping devices, mainly those located around the resonant
absorption range of the EDF energy state scheme close to 1.53 um. This

method utilizes the application of 1.46-1.5 um diodes laser [53].
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Fig. (1.9): Energy levels of Erbium ions in silica glass host [5,73,76].
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Moreover, as the EDF exhibits a broad spectrum band, this spurred to
generate different laser systems for practical application in a
telecommunication band around 1550 nm, such as multiwavelength lasers,
tunable lasers, and pulsed lasers. Also, the fiber dispersion at 1550 nm is
irregular (anomalous), so the EDF has helpful for ultrashort pulse fiber
lasers generation, which the anomalous dispersion functions with
nonlinearity in the fiber that assists to generate good self-stable pulses

especially the soliton pulse regime of mode-locking fiber lasers [71].

1.6 Modeling of Fiber Laser

Based on three-energy-state schemes or quasi-three-energy-state
schemes (identical to the situation of greatest commonly utilized Yb**- and
Er*-fiber lasers), requiring to consider reabsorption wastes of laser
emission at the emitted spectral line. The characteristics of the fiber laser
can be described by employing the propagation equations and rate
equations. The rate equations are dependent on the energy level diagram in
Fig. (1.10), in which the three-level regimes can be explained utilizing a
reduced two-level scheme, as the non-radiative transitions to the meta-
stable state are very quick [77]. Barnard et al. [61] established an
mathematical prototype for fiber-doped lasers. This prototype offers
formulations for the key laser factors stated in somewhat simple calculable
optical factors of the scheme. The current theoretical scheme is related to a
fiber ring resonator with L length, as shown in Fig. (1.11). Herein, the
small-signal fiber gain (g) and the maximum gain (G,,,,) as Stated by
Barnard et al. [61], can be given as:

=(a, +—Y u.ﬁﬁ (1.4)
g - S Pssat _]=P.S ] ﬂ-s az .

a
Ginax = €xp [(?p - as) L] (1.5)
P5% is the signal saturation power that denotes the factor describing
the conversion of power from the absorbed excited power to the laser
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output. as, a,, are terms as the small-signal absorption coefficients at the
emitted laser A, and pump A, wavelengths, respectively. The relating
quantities of u are 1, as the ring laser works unidirectional, (the backward
signal power has been ignored). Then, the intrinsic-threshold pump power
Py, 1s expressed as [5]:

p = hvp P§ [asL—In (k)]
th — _ )
1-(Gmaxek)

(1.6)

where k is denoted as the fraction of the energy that comes back to
the ring oscillator via the OC. ¢ is the actual cavity transmission, § is the
proportion of the output laser cross-saturation energy factor to the excited

real saturation energy factor.
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Fig. (1.10): Energy state scheme for the two-level system [78].
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Fig. (1.11): Schematic diagram of a fiber ring laser [79].

The OC with a precise coupling ratio is required to adjust the

feedback and output ratios. The stability and the efficiency of laser output
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power are influenced by many factors, including the active medium length
(the doped fiber), the output coupling ratio, and the overall cavity length. It
can be enhanced via suitable adjusted laser parameters [74].

Accordingly, if the effective transmission of the ring cavity Ty,

then the slope-efficiency of the fiber laser ring cavity is expressed as:

- (Gmaxgk)_a] (1-7)

_ lpfz(l_k) psat 1
nring - AsTeff Pgat[

Based on this formula, it may find the laser output power of the fiber
ring cavity utilizing the following typical relation:
Pout = Nring (Pp - Pth) (1.8)

The influence of pump beam decline lengthways of the gain fiber
causes from the non-uniform medium inversion. The gain fibers will absorb
the laser beam while not being reversed; the gain fibers will be lost at laser
wavelengths that exceed a certain length [61,77]. So, for a specified pump
power, there is an optimum length of gain fiber that enlarges the output

power. For a fiber laser ring cavity, it is expressed by [61]:

Lope = LI [Pp(ap—6><as)] (1.9)

ap—8xag Pag(ek)d

The fiber must be extended to the length at which the full round-trip
gain matches the round-trip losses. This minimum length L., IS
determined by putting the slope expression in eq. (1.7) equivalent to zero.

For a ring laser cavity, the minimum length is expressed by:

L. = —1In(ke)
min — (ap—bas)

(1.10)

1.7 Propagation of Optical Signals in a Fiber

The propagation of light through an optical fiber structure can be
studied utilizing the ray and electromagnetic wave theories in a dielectric
waveguide. Herein, it essential to considered the refractive index of the
dielectric matter. Owing to the difference among the refractive indices of

the core and the cladding of the optical fiber, it is possible to propagate
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light through the fiber. The refractive index of the core must be always
much greater than the cladding refractive index. The key features of this
signal guiding within the optical fiber (waveguide) are dependent on total
internal reflection [80,81].

Any intense light pulse that particularly in the linear region, while
propagating in an optical fiber, experiences the influence of time
dispersion, which initiates its broadening and may produce interference
among symbols that can significantly border the bandwidth of the wave to
be transmitted. But, pulse propagation in the nonlinear region is influenced
by the optical Kerr effect. Generally, the nonlinear effects occur in the
dielectric medium as a consequence of the variation of the optical features
of a material structure by applying appropriate intense laser light. The
optical nonlinearity relies on the interaction among the polarization of a
material P(t) and the intensity of the applied optical field E(t). Firstly,
linear polarization can be expressed as [82]:

Pyn(t) = €0 E(t) (1.11)

where y! is the linear susceptibility and ¢, is the free space
permittivity.

While the nonlinear polarization can be expressed by the subsequent
POWer series:

Pu(t) = e[ X*E@®)* + X°E(t)* ] (1.12)

where x? and x3 are recognized as the second and third nonlinear
coefficients.

In fibers, the refractive index of the silica glass varies with intensity

[80]:
n(l) =n+n,l (1.13)
n, = —Re(x*) (1.14)
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where n is the linear refractive index, n, is the nonlinear refractive
index, I is the intensity, P is the optical power and A, is the mode area.

All nonlinear effects that happen in fiber optics can be classified into
dual chief groups: nonlinear scattering effects (including SBS and SRS)
and nonlinear power dependence based on the fiber refractive index
(including Four-Wave Mixing (FWM), self-phase modulation (SPM), and
cross-phase modulation (XPM)). From an applied opinion, FWM, SRS, and
SBS typically influence energy distribution amongst a number of spectral
channels related to discrete transmitting signals, while SPM and XPM
typically influence spectral boundaries of the guiding signals [83]. Due to
the vital significance of the FWM effect in present multiwavelength fiber
lasers engineering and implementation, its nonlinear effects are explained

in more describe in the next sub-section.

1.7.1 Four-Wave Mixing (FWM) Process

FWM is a 3 nonlinear influence. This influence leads to
redistribution of energy amongst several spectral channels that generate
through propagated of the intense light signal in the optical fiber.
Consequently, optical fibers work a passive function except for mediating
the interaction between various optical signals. FWM can appear in optical
fiber when two-wavelength lines propagate and then two new wavelength
lines are created in the condition of energy and phase matching
conservation.

FWM can appear with two frequency components propagate
mutually in a nonlinear medium like optical fiber where two added
frequency components forms. In order to conserve energy:

Wy +w, = w3 +w, (1.16)

Phase matching is a key parameter that determines the FWM
conversion efficiency. To generate high conversion efficiency, the phase-

matching condition must be satisfied:
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k = Ak, + Ak, =~ 0 (1.17)

Where, Ak; is the linear phase mismatch related to dispersion
condition, and Ak,; = 2yP is the nonlinear phase mismatch which is
related to self-phase modulation and cross-phase modulation [84,85].

In an optical fiber, it is the possibility of degenerate FWM when two
photons with the same frequency (w; = w,) are absorbed and two new
photons (w; = 2w; — w, and w, = 2w, — w,) are created [84,86].

FWM can be accomplished above lengthy spaces of single wave
transmitting in situations of phase matching by selecting the suitable
dispersion dependence of the fiber. Different approaches to achieve FWM
by using several meters of high nonlinear fiber [15,20], photonic crystal
fiber [87], dispersion shift fiber [20], and single-mode fiber [15] have been
investigated. However, the employment of nanomaterial-based thin film to
encourage FWM can be gainful in terms of dispersion. The dispersion of
light-transmitting across a few micron-layers is impalpable and can be
ignored. FWM efficiency depends on nonlinear coefficient y, pump power
P, and the effective fiber length L as [28]:

Nrwm X YPL (1.18)

More importantly, the nonlinear coefficient plays a dominant role in

enhancing the FWM occurrence, which is governed by [28]:

_ 2mn,

s (1.19)
1.8 Operating Regimes of Fiber Lasers

The fiber lasers have been classified according to temporal operation

regimes to CW or pulsed operations. The pulsed operation can be achieved
by Q-switching and mode-locking mechanisms. Q-switching is realized by
modulating the intra-cavity losses and delivers fast pulses with high peak
power and energy. But, in the state of mode-locking, multiple longitudinal
modes are oscillating with phased locked as to produce ultrashort pulses in

the range of nanosecond to femtosecond durations. Both regimes of pulses
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can be achieved in fiber laser actively or passively [88]. The active one can
be done generally utilizing a modulator (electro-optic modulator, acousto-
optic modulator, semiconductor electro-absorption modulator, or Mach—
Zehnder integrated-optic, etc.) that is often incorporated at one end of the
laser cavity. Whereas a passive scheme is achieved via incorporating a
saturable absorber (SA) within a laser cavity to modulate the laser cavity
losses, so delivering short/ultrashort pulses [89].

Passive Q-switching laser generation bases on the SA to modulate
the Quality factor (Q) within the laser cavity and generate pulses
accordingly. Whereas the passive mode-locking scheme, instead, employs
SA in a laser cavity as a mode-locker to generate ultra-short pulses, i.e.
constant-phase relationship is made among the longitudinal modes of the
resonant laser cavity. Fiber lasers are perfect for pulsed generation, owing
to the broadband emission of doped fibers that permits producing
short/ultra-pulses with tunable wavelength [5]. In the following sub-
section, the fundamentals behind fiber laser with CW and pulses based-SA

generations as well as SA operation principles are addressed.

1.8.1 CW Fiber Laser Operation

Fiber lasers have been usually operating in the CW regime, in which
the light intensity is fixed with time. Generally, the fiber laser is excited
continuously and lasing in single or multiple transverse or longitudinal
modes. As with other lasers kinds, particularly solid-state lasers, physics
and theory of the CW fiber lasers regime are identical. But, the principal
distinction that must be taken into consideration through the engineering
and demonstration of CW fiber lasers is the nonlinear effects, for instance,
the FWM, self-focusing, and Kerr effect. These nonlinear effects,
generally, are based on the nonlinear refractive index generated due to the
high-power intensity traveling through the fiber core. Furthermore, the

damage threshold and thermal management of the silica fiber and side fiber
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areas are too vital thru fiber laser engineering [5]. The greatest attempts
regarding the demonstration of CW fiber lasers concentrate on power
scaling, that is associated with the chosen high-power fiber coupled
elements including pump couplers, isolators, and active fibers of proper
core diameter and clad diameter, and numerical apertures [90]. CW fiber
laser is one of the supreme significant and requisite lasers for various
scientific, industrial, and military applications.
1.8.2 Passive Q-switched Mechanism

Q-switching is a method for producing optical short pulses with a
time scale in the order of pus-ns and kHz repetition rates. This can be
accomplished by modulating the Q-factor of the laser cavity. The Q-factor
is described as the rate of energy accumulated in the oscillator/energy
lavished in every roundtrip cycle. Accordingly, the Q-factor signifies the
attribute of the laser cavity in terms of losses thereby the great Q-factor
signals little intra-cavity loss and vice versa. The Q-factor of the cavity can
be expressed in the equivalent form as [91,92]:
Q = 2nvt, (1.20)

where v is a central frequency of laser and ¢, is the cavity lifetime.
Modulating the Q-factor of the cavity can be fulfilled by hosting an optical
loss switcher within the laser cavity. A passive Q-switching is the method
of self-adjusting the loss of the cavity and frequently lasing high-intensity
pulses without external modulating devices. This method can be
established by employing a thin film as SA inside the laser cavity to switch
a CW output into a periodic pulse train. The process can be explained as
follows. At the starting of laser generation, the huge cavity loss results in
the great threshold of laser initiating, this leads to approximately zero
output intensity. This due to the output laser is restrained by retaining Q-
factor is held at a low value (high losses). Consequently, the energy
accumulates in the gain medium via pumping of the active medium, and

then raising the population inversion will be caused. Afterward, the Q-
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factor is modulated to a high value (i.e. the cavity loss reduces suddenly)
which a specific quantity of energy is collected in the oscillator. This
saturates the active medium, leading the swift release of energy in the
shape of laser pulses, which drains the gain and method iterates. Through
cycling the loss switching, a series of short pulses are generated which
called Q-switched pulses equivalent to the upper-level lifetime, as
illustrated in Fig. (1.12) [93,94].

Then, the 3 dB pulse width (t,) can be guessed by:
tp=4-6t./(g—k) (1.21)
t, =nlL/c (1.22)

Where : t, is the round trip time, g is the gain, k is the resonator
loss, L is the overall length of the laser cavity, and n is the refractive index

at laser operating wavelength [92].

losses
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Optical
power

>

time

Fig. (1.12): Mechanism of Q-switching [92].

Passive Q-switching laser operation is usually more effective in
terms of designing cost and works as it demands less control of the cavity
factor. Passive Q-switching is mostly practical, simple, and does not
demand any complex component and external trigger to force the
modulator, however the pulse duration and repetition frequency of the

emitted laser is power-reliant.
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1.8.3 Mode-Locking Mechanism

Mode locking is a method of producing laser pulses with ultrashort
duration. Mode-locking comprises cyclic modulation of cavity loss. As the
cavity loss is modulated, all the longitudinal modes can easily oscillate in
synchronism, in which the phases of all modes are locked in a fixed
relationship  via  superposition of these longitudinal modes
(constructive/destructive interference). Consequently, the coherent
interference of a large number of longitudinal modes extending above a
broad spectrum results in a very short pulse realization at every round-trip
time. The frequency spacing among modes, gain bandwidth and the group
velocity are all accountable for limiting the total of modes that can lase
[95,96]. Fig. (1.13) shows three longitudinal modes in the laser cavity.
Locking the phase of these multiple longitudinal modes in the laser cavity
initiates constructive interference that consequently generates a whole
field amplitude and intensity output, which has distinctive repetitive pulse
character. Usually, the repetition rate of the mode-locking pulses is related
to the cavity length, which can be given for the ring cavity as [96,97]:

PRR=-=2% (1.23)

ty nL

The cavity configuration for a mode-locked laser is frequently much
further complex than a Q-switched laser owing to the that the ultrashort
pulse generation is relevant to dispersion, and nonlinearity processes such
as SPM, XPM, etc. [83,98]. As well as the spectral filtering influence of a
limited gain saturation, gain bandwidth, and loss are contributed in the
mode-locked generation [99].

Usually, Passive mode-locking is more operative and has more
practical significance than the active method. Passive mode-locking can be
accomplished by incorporating an SA with appropriate features into the
laser cavity and is relying on the SAs and cavity characteristics. The SA

initiates some loss to the intra-cavity laser emission that is comparatively
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big for low intensities but significantly reduced for high intensities.
Intended, a short pulse will produce a loss modulation while the high
intensity (peak of the pulse) will saturate the SA, but low intensity (leading
and trailing edges) would be absorbed by the SA. On the other side, the
gain will enlarge the intensity of the pulse, but other low-intensity will have
their losses more than their gain, and they will die out [96,100]. In general,
the passive mode-locked laser based on SA can achieve very short pulses,
since the recovery time of the SA can be very short [96], causing a quick
loss modulation. Recently, the passive mode-locked laser based on SAs can
generate ultrafast pulses in the range between nanoseconds to femtoseconds
reliant on the SA parameters [101,102]. More details about the SA

operation are in the next sub-section.

Intensity (1)

ime {)
Fig. (1.13): Superposition of three longitudinal modes leading to repetitive

pulse generation [103].

1.9 Saturable Absorbers

Saturable Absorber (SA) is a nonlinear optical substance that acts as
a passive optical modulation system to convert CW output into a cyclic
pulse train. It reveals an intensity-dependent transmission, which at a
specific bleaching threshold, the transmission of the SA rises nonlinearly
with intensity [49,104]. So that, SAs possess low transmission at low-

intensity light while the transmission increases at a higher intensity of light.
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This is owing to the occurrence that in this state of high intensity, more
photons will be provided to the matter that has a limited number of
electrons [105]. As the photon numbers become much greater than the
electrons in the SA, the matter becomes opaque for a low-intensity light
pulse and transparent for a high-intensity light pulse. Intended, the optical
pulse peak propagates in fiber has big intensity and saturates (bleach) the
SA further than its wings with low intensity. This also happens once
multiple longitudinal modes are in synchronism and superpose
constructively. So, the SA represents a key component of any passive
pulsed laser structure to deliver self-starting and stable short/ultrashort
pulses laser [96,106].

The basic principle of SA's function can be explained by employing
a simplified two-electronic-level scheme, where SA is proportioned to gain
saturation, as illustrated in Fig. (1.14) [49]. Firstly, the electrons in the
ground state can annihilate photons once the energy of these photon is
matching the difference between the two states then it will be exciting to
higher energy state. When the intensity upsurges more, huge photo-
excitation leads the upper state to be filled and blocking more absorption.
Significantly the absorption saturates and discontinue and the matter turns
into transparent to signal at high intensity. The key source of the SA is
owing to state-filling. After a certain lifetime, the carriers at the upper level
return to the ground state, and this routine continuously repeated. The two-

level scheme is expressed as [107]:
T(I) = 1 — AT exp (;—’) —a,, (1.24)

where T(I) is the nonlinear transmission, AT is the modulation
depth, I is the incident intensity, I, is the saturation intensity, and a, IS
the non-saturable absorption.

Generally, nonlinear absorption (SA) is related to the imaginary part

of the third-order coefficient(y3), which can be given as:
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Fig. (1.14): Two-level saturable absorber [49].

The figure of merits for SAs is its absorption wavelength band,
modulation depth, recovery time, saturation intensity, and damage
threshold [102,108,109]. Worthy note, the pulse duration relies on the
modulation depth and recovery time of the SA. Generally, for any
substance to be suitable for SA:

1. The absorption wavelength of the SA band of operation must be
harmonized with the gain bandwidth of the related lasing medium.
Also, the substance should have naturalistic absorption that will
induce nonlinear absorption at the operating wavelength [49].

2. The modulation depth is described as the maximum feasible
modification of nonlinear transmission. According to H::nninger et
al. rules (1999) [110], the AT, saturation energy of both absorption
(Ea), and the laser active material (E_) and the energy within the
cavity (Ep) have a large influence on the pulse operation regime.
Relating to these rules, the laser will deliver mode-locked pulses if
criteria E, > E EAAT must be satisfied. Otherwise, Q-switched
pulses will be accomplished. Also, rising the AT beyond the Q-
switched regime, the laser will only deliver CW laser and by raising
it more the laser will not function [88,110]. Interestingly, the pulse
operation regime can be adjusting by controlling the modulation
depth, which represents one of the most effective factors that
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determining pulse dynamics. Generally, for the passively Q-switched
fiber laser, the pulse width is related to modulation depth as given by
the expression [111]:

325t
P AT

While, in the case of mode-locked, the influence on the pulse

t (1.26)

dynamics depends on the SA if it slows or fasts SA, which the pulse

duration can be estimated from [112]:

1-:07 | g

- Slow SA: tp = F AT (127)
g
-mek%=§-% (1.28)
g

Where Af, is the FWHM gain bandwidth, and g is the power gain

coefficient that equivalents the total cavity losses.

3. The Recovery time puts a limit on the switching time of the system
that can influence the time duration of the attainable pulses. The
electrons after excitation to the upper state must go back to the
ground state during the cavity roundtrip time so that the circulating
pulse could again confront a similar or significant quantity of
nonlinear absorption [88].

4. The demanded light intensity in the system to saturate the absorption
is denoting the saturation intensity. In other words, the saturation
intensity signifies the light intensity that essential to decrease the

absorption to 1/2 of its unbleached quantity. It is expressed as [113]:

=% (1.29)

ot
where hv is the photon energy, o is the absorption cross-section of the
SA at the operation wavelength, and t is the relaxation time.
5. The damage threshold is the maximum light intensity that the system
can withstand before damage happen.
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6. Besides these factors that determining pulse dynamics, other features
are also vital in selecting SAs like the environmental stability and the
fabrication easiness, and its cost. As well, it must be easy to
incorporate within the laser cavity. The SA should be prepared in a
certain technique that performs easily with the designing of the laser
cavity [105]. Generally, drop-casting and spin coating are the most
used techniques to fabricate the SA. On the other side, in fiber lasers,
SA is usually blended with a host material such as PVA, dehydrated
at room temperature and a tiny part is integrated between two fiber
ferrule [114-116].

Finally, short/ultrashort laser based on SAs has gained enormous
concentration owing to the compact scheme, beam quality, adaptable
application, cost-effectiveness, and excellent compatibility. Particularly,
SA is a key component for adjusting the laser cavity loss, the discovery and

investigation for a new one should not be ignored.

1.9.1 Characterization of Saturable Absorber

In  general, precise linear, spectroscopic, and nonlinear
characterizations are the key essential step to verify if a specified material
can be considering as a prospective optical modulator. These characters
rely on the chemical composition, the thickness of the fabricated thin film,
and the structure of the synthesis SA. The important factors of a SA
influence in defining the output performance for fiber laser are linear
absorption coefficient, band-gap, nonlinear absorption coefficient,
nonlinear refractive coefficient, nonlinear transmission (which is known as
the modulation depth, non-saturable absorption, and saturation intensity),
and the absorber recovery time.

The linear absorption coefficient can be estimated from the

spectrophotometer data using the following expression [117]:

a = [(2:303) x ()] /L (1.30)
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where « is the linear absorption coefficient, A is the absorbance, L is
the thickness of the thin film.

While band-gap energy of the sample can be determined utilizing the
Tauc relation [117]:

ahv =a(hv—E, )" (1.31)

where hv is the energy (eV), Eq is the band-gap energy, and a is a
constant. The factor q is denoting the nature of transition and equal to 1/2
for the direct bandgap and 2 for the indirect bandgap [118].

The nonlinear absorption and refraction coefficients can be determined
using the z-scan technique introduced by Sheik Bahae et al. [119]. The Z-
scan technique is dependent on the spatial beam broadening and narrowing
of the Gaussian beam in far-field owing to the occurrence of optical
nonlinearity. This experiment consists of an intense laser with suitable
wavelength, beam diameter, and intensity which is utilized as the excitation
source of this experiment. Then the laser beam focused utilizing a specific
lens into the sample. The sample must be fixed on a linear, translation stage
to shifting it around the focus of the lens to investigate the variation of the
pulsed laser intensity. Also, this setup has an aperture with a suitable
pinhole size was settled after the samples to study closed aperture signals.
The schematic diagram of the Z-scan technique is depicted in Fig. (1.15).
The alteration in the transmitted laser intensity is verified utilizing an

optical detector as a function of the sample location.

lens aperture
Sample
m—
detector
<€ ) >
-z 0 +Z

Fig. (1.15): Z-scan experimental setup [119].

Finally, the nonlinear transmission curve for the SA can be

investigated using the twin detector method (as shown in Fig. (1.16)). The
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scheme is based on the principle differential detection, which consists of an
intense laser with suitable wavelength and intensity, which is used as the
pump light. Then, a 50:50 fiber coupler is used to split the laser power
between a sensing arm and a reference arm, and separate photodiodes are
used to measure each. The two powers are then measured. The sense beam
propagates via the specimen to be measured, while the reference beam is
uninfluenced (i.e. to observe the power). By constantly adapting the
attenuator, the transmitted power is registered versus incident optical power
on the SA film. With no alteration in sample transmission, the two
transmitted powers are nulled. Lastly, the dataset from a twin-detector
examination can be well fitted with a two-level SA model. From this
experiment, it can be determined the modulation depth that is defined as the
difference in the transmission between the maximum and minimum values
(Fig.(1.17)). The a,s should be preserved at small value and it initiates from
scattering and absorption of the SA material itself [120,121].

Variac intense

laser

splitter

PD,

Fig. (1.16): Twin detector setup [113].
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Fig. (1.17): Bleaching curve of the two-level system[107].
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1.10 Thin Film Materials

The multiwavelength passive pulse fiber laser can be realized
utilizing various nonlinear nanomaterials hosted in various dielectric
materials. Nonlinear absorption effects e.g., saturable [122,123] and
multiphoton [124,125] absorption are widely existing in nanoparticle-based
material. In general, these nonlinear effects are particularly reliant on the
type, size, and shape of the nanomaterials themselves [26,27]. In this
regard, the exploration of new nanostructured materials is one of the crucial
issues of modern science and technology. A range of these materials such
as: carbon-based nanomaterial [126-128], metal oxide (e.g. copper oxide,
aluminum oxide, zinc oxide, nickel oxide, titanium dioxide, Ferro-oxide,
and tungsten oxide) [11,28,39-42,124-129], and semiconducting transition
metal dichalcogenides [35-38] have been proposed for use in photonic and
optoelectronic applications.

Furthermore, different freestanding polymer films were exploited in
the assembly of SA thin film for instance Polyvinyl Alcohol (PVA), Poly
(methyl methacrylate) (PMMA), and Polyethylene glycol (PEO). These are
transparent polymer, which possess a refractive index comparable to that of
silica glass of the fiber. Also, numerous surfactants were employed as
dispersing agents deposited into a solution to augment the separation of
nanoparticles and to restrain clumping. For instance, sodium dodecyl
sulfate (SDS). Generally, the improvement of linear and nonlinear optical
parameters such as linear/nonlinear refractive index, linear/nonlinear
absorption coefficient, third-order nonlinear susceptibility as well as
optical band gap of the nanomaterial materials is the chief goal for
considering the optoelectronic matters [135]. These parameters can be
improved and tuned through the varying of the geometrical shape of the
nanoparticles and their distribution in a host matrix [136]. The subsequent
sub-sections describe in detail the materials utilized in this research and

their features.
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1.10.1 Pure Metal (Nickel Nanoparticles)

Transition metal nanoparticles have attracted much interest due to their
distinguished optical properties such as large third-order nonlinearity,
broadband plasmon resonance absorption, and ultrafast response time,
which make them have potential applications in electronic and optic
applications [137]. Many research groups have reported the employment of
metal NPs as an SA in fiber laser-like silver, gold, aluminum, and copper
[18,29,39,40,138]. Ni is one of the transition metals, having a high
response to the magnetic field, catalysis, good electrical properties, good
thermal conductivity, large surface area, strong electron mobility, high
surface energy levels, good absorption coefficient, broadband near-infrared
(NIR) absorption/emission, abundance in nature, environmental
friendliness, operational simplicity, and cost-effective advantages [139-
144]. It has enticed increasing concentration owing to its possible/
prospective use in a variety of applications such as optical filters, sensors,
electronics, imaging, magnetic storage, energy technology, biochemical,
biomedical, ferrofluids applications, etc. [140,145,146]. Yet, some
attention was giving to Ni-NPs in the field of ultrafast optics. Recently, the
linear and nonlinear properties were stated by Soliman et al. [147]. The
absorption spectra of the Ni-PVA thin films for different Ni concentration
are depicted in Fig. (1.18). It was clear that the absorption of these films
rises as the Ni-NPs concentration rises too, and the absorption peak shifts
toward longer wavelengths (redshift).

Furthermore, the absorption of all films does not vary almost at longer
wavelengths. On the other side, the same authors were estimated the
nonlinear refractive index and third-order nonlinear coefficient using
Wemple-Di Domenico single-oscillator model, which n, equal to ~ 107,
while y ~10®. Also, the band gap of the PVA matrix was varied with the

Ni-NPs concentration in the thin film which increases as the concentration
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decreases, then the indirect bandgap ranged between 3.4-4.8 eV while the
direct bandgap is between the range of 5.15-5.8 eV [147].
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Fig. (1.18): Absorbance of Ni-PVA at different concentrations of Ni
NPs [147].

1.10.2 Transition Metal Oxide (Iron Oxide ** Hematite')

The importance in the preparation of oxide nanoparticles has
persisted to develop over the latest decades due to their distinctive optical,
electrical, and magnetic features [1, 2]. Iron oxides look another brilliant
and efficient choice for a short pulse and multiwavelength generation. Iron
oxides, usually existent with different chemical forms such as Fe;O,4, and
Fe, O3, which are representing transition-metal oxides with strong electron-
electron correlation and electron-phonon coupling [148]. Generally, Iron
oxides gain more significance to be utilized as optical modulator inside
fiber laser owing to their promising optical features, such as great third-
order nonlinear coefficient, broadband absorption, broadband surface
plasmon resonance, swift response time, and low saturation intensity
[129,134,149-153]. Notably, Hematite (a-Fe,O3) is considered as the
greatest stable iron oxide and environmental friendliness semiconductor
with low cost, biocompatibility, and non-toxicity [154]. The a-Fe,O3-NPs
reveals good physical and paramagnetic property, high thermodynamically

stable structure, extreme catalytic feature, with a bandgap ranged between
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2.0-2.2 eV [155,156]. Generally, their features rely mostly on the geometry
of the particles as well the dispersion of the substances, which several
surveys mentioned that the controlling hematite nanoparticles properties
depend fully on size, morphology, the surfactant, pH solution, the
concentration of reactant, temperature, and timely reaction, and so on
[154,156].

Owing to their intriguing features, Fe,O3-NPs have enticed an
immense deal of research attention and applied in different fields of
application such as bio-applications, catalysis, sensing, etc. [154,157].
Some previous reports proven that the Fe,O; reveals a considerable
nonlinear response with a good high third absorption coefficient of ~107*°
m/W and a relatively third-order nonlinear susceptibility in orders of 10
to 10 ° esu [150,151], polarization-insensitive with a response time in tens
of ps, this makes it an innovative optical modulator competitor for
nonlinear usages [152,158-161]. Remarkably, the linear and nonlinear
optical properties of Fe,O3-NPs film can be adjusted by tuning their
geometrical shape, size and the composite film materials [138,149,162].
The linear and nonlinear transmission of Fe,O3/PVA thin film is depicted
in Fig.(1.19). As the real and imaginary part of third-order susceptibility is
often associated with nonlinear refraction and nonlinear absorption,
therefore it can have exploited their features in the nonlinear photonic
system, especially the multiwavelength pulse laser generations. Despite
this, only one work proposed the use of Fe,O3-NPs as broadband SA and
can be employed as an optical modulator for producing Q-switching laser
at ~ 1 um, 1.5 pm, and 2 pm regions [149]. But, Fe,O3 has gained less

focus and stayed undiscovered matter for a multiwavelength generation.
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Fig. (1.19): The linear and nonlinear transmission of Fe,O3/PVA
thin film [149,156].
1.10.3 Dielectric (Silica Nanoparticles)

The reaction of every dielectric to intense light turns into nonlinear
behavior, and Silica nanoparticles (SiO,-NPs) are no exception. On a basic
idea, the source of nonlinear behavior corresponds to the anharmonic
activity of bound electrons under the impact of an exciting field. SiO,
attracts significant interest in the optoelectronics proposed studies. SiO, is
one of the most motivating materials that offer a certain characteristic to be
employed a good optical activity with a large bandwidth [163,164]. Despite
SiO, nanoparticles exhibit a good optical limitation based on nonlinear
light scattering at which this feature is particularly effective for mitigating
unwanted laser intensity instabilities as well as for pulse and beam
reshaping [165]. But it still exhibits low refractive and absorption optical
nonlinearity coefficients with about 10" m%W and 10 m/W [166].
Generally, silica as nanocomposite with different nanomaterials was
employed as an efficient nonlinear material with a fiber laser cavity [167-
170]. Still, pure SiO,-NPs has gained less concentration and remained

undiscovered matter as optical modulator inside fiber laser for pulsed and
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multiwavelength generation. Usually, SiO, can be utilized as a polymer
film, which the reason for that originates mostly from its excellent thermal

stability and the promising strength features of the resulting composites.

1.11 Literature Survey

Multiwavelength generations as nonlinear phenomena have been
established by many methods. Previous reports concerning
multiwavelength operations in Ipum and 1.5um wavelength regions are
reviewed and epitomized in the subsequent survey in chronological order.

Multiwavelength EDFL based on FWM using graphene was reported
by Luo et al. in 2011, [28]. Eleven lines were realized at room temperature
with a SNR of 57 dB as the pump power attained 178 mW. Sagnac loop
filter was combined with EDFL based on ring cavity and line spacing of
0.54 nm was achieved. EDFL was working at the CW regime without Q-
switching or mode-locking pulses.

Later in 2011, Luo et al. [171] also proved FWM induced by
graphene in EDFL and YDFL by monitoring the spectral broadening. At
1.5 pm region, a stable twenty-three lines were produced with a Q-
switching pulse possessing a spacing of 0.2 nm. The minimum pulse width,
maximum repetition rate, and maximum pulse energy were 2.5us, 63kHz,
and 72.5 nJ, respectively. Whereas in the 1pm band, five lines were
detected with simultaneous Q-switching pulses possessing a duration of 3
us and a repetition rate of 56.2 kHz.

Multiwavelength EDFL based on a nonlinear amplifying loop mirror
and assistance by un-pumped EDF was demonstrated by Liu et al. in 2012
[14]. As the pump power reached 70 mW and with adjusting the
polarization controllers, fifty-one lines output within 3dB bandwidth. But
as the pump power increased to 110 mW, the output decays in terms of
lines number and SNR, this is due to the saturation influence of the ASE

absorption via the un-pumped EDF with big intra-cavity power.



43

In 2013, Wang et al. [15] proposed multiwavelength generation in
EDF based on FWM in SMF and HNL. A multiwavelength comb was
generated with the assistance of FWM that enhance the mitigation of the
mode competition resulting from the homogenous gain broadening in the
ring cavity in Er ions. At maximum pumping power of 300 mW, five lasing
lines were generated utilizing the single-mode fiber. For comparison, the
SMF was substituted by 110m high nonlinear fiber and at 300 m\W seven
lines were observed. The power fluctuation in HNL and SMF were 0.18,
and 3.18 dB, respectively, this confirming that FWM induced by HNL has
more stability.

In 2014, Liu et al. [172] demonstrated multiwavelength EDFL
based on a microfiber knot resonator. This structure comprised 5 m of
EDF, 85 m of highly nonlinear fiber, and a knot of ring diameter of ~2.84
mm which was fabricated using 5 pum diameter of SMF microfibers. Via
adjusting the polarization controller at a pump power of 275 mW, eleven
channel lines with channel spacing of 0.184-nm were achieved.

In 2015, Xueyuan et al. [12] reported multiwavelength generation
in a 1 um region based on SRS. This structure involves a fiber loop mirror
(FLM) encompassing a 5.5 m of polarization maintaining, and a 1 km-long
passive fiber. At 1W, multiwavelength laser output with 35 nm bandwidth,
0.75 nm line spacing, and OSNR ~10 dB is obtained.

Xu-De Wang et al. in 2015 [169] utilized gold nanorod/SiO, core-
shell configuration as SA for delivered fs pulse in a fiber laser.

Rashid et al. in 2016 [34] reported on the generation of dual-
wavelength with Q-switching operation regime from YDFL based on the
black phosphorus. The system comprised a D-shaped fiber as a
wavelength-selective filter. The dual lasing lines were at 1038.68 and
1042.05 nm. Besides, the repetition rate tuned from 52.52 to 58.73 kHz
with the rise of the pump power. The lowest pulse width was about 1.16 ps

while the greatest pulse energy of 2.09 nJ was realized.
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Xude Wang et al. in 2016 [167] utilized the silica-encased gold
nanorods as an efficient optical modulator inside the fiber laser to generate
wavelength-switchable with femtosecond pulses in the 1.5 pm region.

Then, the generation of dual-wavelength passively Q-Switched
YDFL based on aluminum oxide nanoparticles was demonstrated by Sarah
et al. in 2017 [131]. The dual-wavelength pulse generation was observed at
1050 and 1060.7 nm as the pump power reached 80 mW. When the pump
power increased from the threshold to 300 mW, the repetition rate tuned
from 16.23 to 59 kHz, and the pulse width was reduced from 19 to 6 us.

Later in 2018, Sarah et al. [43] proposed the generation of triple-
wavelength passively Q-switched YDFL based on zinc oxide nanoparticles.
The output laser was tuned from single, dual to triple wavelengths as the
pump power increases 143, 250, and 330 mW, respectively. These triple
wavelengths were observed at 1054.7, 1058, and 1065.9 nm. Also, this
laser delivered pulses with maximum pulse repetition and shortest pulse
duration of 87.9 kHz and 2.7 s, respectively.

Also later in the same year (2018), Sarah et al. [129] reported on
the dual-wavelength passively Q-switched YDFL based on Fe;O,-
nanoparticle. The dual-wavelength was observed at 1048.9 and 1053.3 nm.
While the pulses output was realized at a threshold pump of 80 mW with
the highest output pulse energy, repetition rate, and lowest pulse width of
38.8 nJ, of 73.4 kHz and 3.4 ps, respectively.

In 2018, Dong et al. [149] synthesized Fe,O; NPs by a co-
precipitation technique, then the prepared NPs was incorporated into PVA
host to form Fe,03;-PVA thin film. The prepared thin film revealed
broadband saturable absorption with a modulation depth of 2.83%. This
thin film was employed as SA to achieved single wavelength, Q-switched
operations in a YDFL, an EDFL, and a TDFL. The minimum pulse
duration was about 2.2, 5.7, and 3.5 at 1038 nm, 1557 nm, and 1942 nm,

respectively.
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In March 2019, Salman et al. [18] reported on the generation of
multiwavelength Q-switched EDFL based on aluminum nanoparticles as
SA, and a Sagnac loop filter. By simply adjusting the polarization
controller, eleven lasing channels in the Q-switching regime were achieved
with a line spacing of 0.48 nm and SNR of ~ 30 dB. This laser delivered
the lowest pulse width of 2.36 us and the highest pulse repetition rate of
33.45 kHz at a maximum pump power of 300 mW.

Shi Li et al. in 2019 [173] reported on the generation of a dual-
wavelength soliton mode-locked EDFL utilizing SnS, nanoparticles. The
laser generates two lasing lines at 1536.7 and 1562.6 nm, with a pulse
duration of 5.3 ps. The dual lines were simply achieved at low threshold
power of 75 mW.

Salman et al. in 2019 [11] demonstrated a passively Q-switched
multiwavelength EDFL applying tungsten oxide nanoparticles as SA
combined with a Saganc loop filter. The high optical nonlinearity of
tungsten oxide nanoparticles was induced dual influence in the cavity, an
SA which induced pulsed operation and four-wave mixing effects which
assist of multiwavelength generation. The laser delivered 15 emission lines
with a spacing of 0.48 nm and pulses with the lowest pulse width of 4.24 us
and the highest repetition rate of 52.49 kHz at a higher pump power of 300
mW.

In July of 2019, Pengfei et al. [174] reported the generation of
Raman Mode-Locked YDFL based on MoS, as an optical modulator. By
adjusting the polarization states, stable single- or dual-pulse Raman soliton
operations were obtained at a threshold pump power of 220 mW. Two
lasing lines with central wavelengths of 1029.2 and 1082.5 nm, and mode-
locked with pulse repartition rate of 683.5 kHz, SNR of ~50 dB, 15.96 ns
pulse duration, and good optical efficiency of 5.16 were achieved.

In 2020, Salman et al. [24] reported the emission of three
wavelengths in passively Q-switched YDFL employing SA based on
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tungsten oxide nanoparticles. The triple wavelength operation was located
at 1030.01, 1032.122, and 1036.21 nm, respectively. In the Q-switching
regime, the laser-produced the largest repetition rate of 71.3 kHz and a
minimum pulse width of 2.92 ps.

In 2020, CHEN et al. [175] applying the Fe;O, nanoparticle as an
optical modulator inside YDFL. This cavity consisted of a section of 5 m
YDF as a linear gain has 4dBm™ absorption coefficient at 975 nm and the
suspension of Fe;O,4 nanoparticle with a modulation depth of 6.6% at 1um
spectral region as a nonlinear absorber. This laser operated at a pump
threshold of 100 mW, but as the pump power increased to 150 mW, and by
justly regulating the polarization controller state, the system exhibited three
various laser dynamics (CW, Q-switched, and Q-switched mode-locked
operation). Also, the lasing spectrum switched from dual-wavelength to
single wavelength and then triple wavelength, respectively. The triple
lasing lines were observed around 1.08 pum, while the Q-switched pulse
operation at 150 mW possesses a pulse width of 4 ps and a repetition
frequency of 16.1 kHz. But at the laser switched to Q-switched mode-
locked operation, the pulse repetition rate became equal to 11.1 MHz,
while the pulse width was less than 900 ps.

In 2020, Sun et al. [176] utilized a piece of unpumped erbium—
ytterbium co-doped fiber as an SA to generate a multiwavelength Q-
switched fiber laser in the region of 1.5 um. Ten wavelengths with line
spacing of 100 GHz and 200 GHz were achieved. A wave shaper filter was
used in this experiment to tune the wavelength-spacing. In the Q-switching
regime, the repetition rate tuned between the range of ~15-55 kHz and
pulse duration tuned between the ranges of ~7-2 us in the excited power
range of 17.6-140 mW.

In 2020, Wenxiong Sun et al. [177] utilized Bismuthene nanosheets
as SA inside EDFL. A dual-wavelength located at 1531.6 and 1543.2 nm,
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and 52" harmonic mode-locked with a repetition frequency of 208 MHz
and a pulse width of 1.58 ps realized as the pump power reached 402 mW.
In 2020, Xude Wang et al. [168] employed silica-encased gold
nanorods to generate mode-locked soliton, harmonic soliton, dual-
wavelength bound soliton, and soliton bundle.
In 2020 S. Liu et al. WS,/SiO, was utilized as SA to generate an
ultrafast pulse in both YDFL and EDFL [170].

1.12 Aim of the Work

The main objective of this research is to implemented compact, ring
cavity, multiwavelength fiber lasers using active nonlinear technique. The
research is validated via the characterization, and examining the nonlinear
functionality of various new materials namely Ni NPs, Fe,O; NPs, and
SiO, NPs at 1um and 1.5um spectral regions using both YDFL and EDFL.

1.12 Thesis Outline

This thesis comprises of five chapters, starting from the introduction
chapter as Chapter one including the chief basic and technological ideas
that employ in this thesis. The remainder of the thesis is organized as
follow:

Chapter Two focuses on the construction and the experimental
implementation of YDFL and EDFL with ring cavity design operated in
CW regimes. The experimental laser output characteristics including output
power and slope efficiency and the laser output performance are discussed.
Besides, it explores the preparation and characterization of the SA's: Ni-
NPs, Fe,O3 NPs, SiO, NPs, and Fe,03/SiO, nanocomposite as a new type
of nonlinear nanomaterial.

Throughout Chapter Three, the successful assembled SAs that

integrated into a YDFL ring cavity to generate multiwavelength operation
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are given. The spectral and temporal output laser characteristics are
reported and discussed.

In Chapter Four multiwavelength operation, as well as CW and
pulsed operation in EDFL based on the different assembled SAs, are
reported and discussed.

Chapter Five highlights the general conclusions based on the found
results. Then, some suggestions and recommendations to enhance and

develop this work in the future are given.



CHAPTER TWO

EXPERIMENTAL DESIGN OF
RING CAVITY DOPED FIBER
LASER AND SATURABLE
ABSORBERS FABRICATION



49

CHAPTER TWO

EXPERIMENTAL DESIGN OF FIBER LASER RING CAVITY AND
SATURABLE ABSORBERS SYNTHESIS

2.1 Introduction

Planning an effective fiber laser demands a full understanding of its
functioning under various operation conditions. Fiber lasers are usually
engineered utilizing general numerical formulations and optimizations.
Theoretical and analytical studies of such laser are extremely vital to prevent
time and cost consuming of trial and error experimental methods. It is
frequently the case that a wide range of factors demands to be covered to
determine the optimal factors for good performance. An analytical solution is
particularly useful for multi-factor optimization in engineering a fiber laser.
The optimization factors contain the selection of the fiber geometry mainly
the length, rare earth doping concentration, mirror and so on. In this chapter,
three-ring cavities of fiber lasers (2-YDFL and EDFL) workings in the CW
regime were proposed and experimentally demonstrated. Based on the rate
equations given in chapter one, numerical estimates are executed by utilizing
MATLAB 12 software to determine the cavity parameter. These methods
studied the influences of pump power and active fiber length on the output
power for CW operation mode in YDFL and EDFL ring cavities. To support
these theoretical studies, experimental examinations are done to clarify the
laser performance and to more examine the laser output. The theoretical
model gave into consideration the losses made by the optical components,
fiber cord patch (FC/PC) connectors, and the splicing practice.

Additionally, on the road to implementation a stable multiwavelength
fiber laser, three kinds of nanomaterials are utilized separately to assemble
seven nonlinear samples to act simultaneously as an optical modulator for
both YDFL and EDFL with ring cavity. These are Ni NPs, Fe,O3; NPs, and
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SiO, NPs. Two various techniques are utilized for optical modulator
assembly: sonication-assisted liquid-phase agitation and drop-cast technique.
Because of the synthesis easiness, nonexistence of costly apparatus, and less
fabrication stages, they are facile and affordable ways to prepare the optical
modulator. Then, the linear and nonlinear absorption of these nonlinear
materials are characterized using spectrophotometer, Z-scan techniques and
balance twin detector technique. The structure of chapter two is presented in
Fig. (2.1).
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Fig.(2.1): The structure of chapter two.

2.2 Theoretical Design Consideration

In our work, three cavities are employed to generate multiwavelength
from both YDFL and EDFL. Two of them were previously planned by our
group team. The other one has been carried out using a short length of high
absorbed doped fiber. The theoretical configuration of the suggested typical
ring fiber laser (YDFL/EDFL) is portrayed in Fig. (2.2).
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EDF/YDF

876 nm LD m

Fig.(2.2): Schematic diagram of the fiber ring laser.

2.2.1 CW-YDFL

Two schemes of YDFL ring cavities are implemented; the first is based
on Yb*" concentration of 326000 ppm and ~250 dB/m absorption coefficient
at 976 nm pump wavelength, while the second based on Yb®*" concentration of
16300 ppm and ~1200 dB/m absorption coefficient of at 976 nm pump
wavelength. Generally, the optimal length of the active fiber is dependent on
the doping concentration of the Yb/Er ion, central wavelength, and absorption
coefficient at the pump and emission wavelength as well as the pump power.
Consequently, optimal length of active fiber is determined according to all
these parameters.
The characterization and the optimum length of the first ones were reported
by Sarah et al. [178], which was found that the slope efficiency ~ 4.3 % if the
optimum length of the active medium was ~ 1.5 m. The other one has been
carried out according to the input factors are as follows: The exciting source
Is a laser diode (LD) with a center wavelength of 976 nm and a maximum
power of 300 mW. Table (2.1) provides the active medium factors of YDF
considered in the theoretical modules. The overall loss within the ring cavity
symbolizes the sum of the insertion loss of each of the intra-cavity optical

elements, splicing losses, and FC/PC connectors. So, the proposed overall
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cavity loss is about 4 dB. The simulated output of the CW-laser is estimated
utilizing a 10 % port of 90:10 output coupler.

To design CW-YDFL ring cavities, the minimum and optimum length
of YDF are determined theoretically using Eq.(1.9) and Eq.(1.10). The results
show that at 300 mW pump power the minimum and optimum lengths of
YDF were 0.11 and 1.226 m respectively, as shown in Fig.(2.3).

Table (2.1): Ytterbium-doped single-mode fiber specifications.

Parameter Value Parameter Value
Ap (NM) 976 As (NM) 1064
ap (dB/m) 1200 a5 (dB/m) 19
aaPe™ (m?) 25*10%° | Numerical Aperture 0.2
a2t (m?) 1.25%10°% o™ (m°) 2.36*10%°
Cladding Diameter
Core Diameter (um) 4 125
(um)
Mode Field Diameter 14 Yb** Concentration 16300
(wm) | (ppm)
0.16 T T T 1.27
— mm— Minimum Length of YDF ,é.
e mm— Optimurn Length of YDF £
E 015\ \ 1.26 _;
:-:» 0.14 \\ 1.25 é
EEL 0.13 \\\\ 1.24 ;%L
= 02 \\ S 123 E
= SN T~
T~
_—
0'1]11 0.2 0.3 0.4 05 06 07 0.8 0.3'22

Output Coupling Efficiency (%o)
Fig.(2.3): The shortest lengths and the optimum lengths of YDF as a function

of different coupling efficiencies.
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After that, all other fiber laser parameters were preserved to be constant
to investigate the effect of fiber length on the output power only. Fig.(2.4)
explains the function of laser output power versus the active fiber length.
From this figure, it is obvious that before such a minimum length of 0.11 m,
there is no laser output even if launching a high pump power to active fiber.
At these fiber lengths, the gain is little and the loss in the cavity is still bigger
than the gain. The other range on length in Fig.(2.4) the laser output power
upsurges up to a specific length (optimum length) of the fiber, to be exact
1.226 m. Then for lengthier lengths, the losses override the gain, and
attenuation is predominating, so the output power will become reduced.
Therefore, the effective length of YDF that must be applied is the value

between the minimum and optimum lengths.
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Fig.(2.4): The output power as a function of active fiber length for YDF.

In this setup, highly absorbed with ytterbium ions of 16300 ppm is
desired as the gain medium owing to its excellent features, like low pump
threshold which the great threshold of light-induced darkening. Additionally,

it possesses intense absorption which shortens the overall cavity length and
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consequently decreases the resonator loss; reduce resonator round-trip time, in

addition to shorten the generated pulse width.

2.2.2 CW-EDFL

The EDFL is also built. The ring cavity comprises of 2 m length of
EDF (Liekki ER-4/125) as a gain medium with a doping concentration of
3000 ppm, 0.2 core numerical aperture, 27 dB/m absorption coefficient at 975
nm, and 6.5 um mode field diameter at 1550 nm. EDF is pumped by a 975 nm
laser diode with a maximum output power of 300 mW through a 980/1550
wavelength division multiplexer. A Polarization-independent isolator is used
to ensure the unidirectional operation. The output coupler with 90/10 is used

which 10% portion of laser power is coupled out from the cavity.

The characterization and the optimum length of the first ones were reported
by Wurood A. et al. [179], Dunya Z. et al. [180], and Sarah et al. [178]. They
have found that the slope efficiency ~ 6.7 % if the optimum length of the

active medium was ~ 2 m.

2.3 Experimental Setups and the characterization of the system

Firstly, transmission spectra of the doped fibers are studied separately
before splicing them to the ring cavity. These spectra represent the
characteristics of the doped fiber and typically well-known as the amplified
spontaneous emission (ASE) profile of doped fiber. Fig. (2.5) illustrates the
principal optical elements utilized for measuring the ASE of doped fiber gain
media, which can be simply executed by opening the loop of the ring cavity
and connecting lead-out of the active medium to ISO. For examining the
YDF's ASE spectrum, the setup is constructed utilizing optical elements that
are compatible with the 980/1060 nm operation spectra. But, to examine the
ASE spectrum of EDF, all optical elements that utilized are fitted with
980/1550 nm operation spectra.



55

EDF/YDF
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Fig. (2.5): Experimental setup for ASE measurement of EDF/YDF.

Then, the ring cavity has been accomplished by incorporating a fiber
coupler into the setup as displayed in Fig. (2.2). The planned ring cavity
encompasses a segment of doped fiber (YDF or EDF) that acts as the gain
media, which is pumped via WDM coupler, a polarization-independent
isolator to enforces the unidirectional laser propagation in the ring cavity and
to suppress any unabsorbed pump light out of the system, a fused 10/90 fiber-
based output coupler was employed to draw out about 10% of the laser from
the oscillator for laser property measurement and allow 90% of the energy for
further amplification. A 976 nm semiconductor laser with highest pump
power of 300 mW is employed as exciting device. The laser output was
examined OSA (Yokogawa AQ6370C, 0.02 nm resolution) for spectral
analysis and a 1 GHz Oscilloscope (Tektronix MDO3102) for temporal
analysis. The EXFO FPM-300 power meter was used to measure the average

output power.

The ASE of the YDF based on 1.5 m and EDF based on 2 m were
reported in [178-180]. While, the ASE of YDF based on 0.6 m is illustrated

in the next sub-section.

2.3.1 YDF emission spectra

Firstly, the ASE spectra of 60 cm YDF at various exciting powers were
examined, as depicted in Fig. (2.6). These results show that the ASE
bandwidth can be more broadened as the exciting power rises. Also, the

profile of the ASE spectrum is altered with the pump power alteration. At
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exciting power of ~23 mW, the profile of ASE spectra possesses a bell curve
form. As the exciting power boosted, the spectra increased slightly rising
before plateauing and next failing again. This is owing to the reabsorption of
ASE emission by the high concentration of Yb*". At 250 mW excited power,
it can be observed that the ASE spectrum has a one peak around 1030 nm.
Furthermore, it was perceived that the pump signal at 980 nm is entirely
absorbed by the 0.6 m of YDF, which there is no any sign of excited power
detected on OSA.

23 mw
43 mW
=85 mW
127 mW
170 mW
—210 mW
250 mW

&
T

Output Power (dBm)

—r17 1%
950 1000 1050 1100 1150 1200 1250 1300
Wavelength (nm)

Fig.(2.6): Measured ASE of YDF at different input pumping powers.

Thereafter, the output port of 1ISO was connected with the input port of
OC, and the 90 % port of OC was connected to the signal input port of WDM.
Accordingly, the all-fiber ring cavity is closed and the CW-YDFL operation
began at the input excited power threshold of 65 mW. No lasing signal was
detected below 65 mW. The optical spectrum of CW-YDFL is illustrated in
Fig. (2.7). The center wavelength at the threshold pump power was 1057.43
nm, while the FWHM and optical signal to noise ratio (SNR) was 0.11 nm
and 30.4 dB respectively. While the center wavelength at the pump power of
about 127 mW was 1058.25 nm with FWHM and SNR were 0.21 nm and
41.4 dB respectively.
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Additionally, it is obvious that the peak output power of the laser is

higher and sharper contrasted with the ASE signal. This is due to the ASE

signal is amplified via each round trip. Besides, the center lasing wavelength

Is located in the region of ASE's peak center, which the ASE spectrum can be

supposed as a gain band of the generated laser. So, as the cavity is closed

(complete the ring cycle) the laser action will be beginning. Also, the modes

closed to the peak of ASE are stronger and gain furthermore amplification.
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Fig.(2.7): Measured optical spectrum of the CW-YDFL at the threshold of 65

Fig. (2.8)
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Afterward, the laser output power as a function of the input excited
power was measured; this relation is shown in Fig.(2.8). This figure shows the
comparison between the theoretical and experimental results of the output
laser power. The calculated theoretical and experimental slope efficiencies

were 3.95% and 2.33%, respectively.

2.4 Preparation, and Characterization of optical modulators

Ni, SiO, and Fe,O3; NPs were utilized to assemble optical modulators
for a multiwavelength fiber laser. These samples were prepared in two forms:
as nano-suspensions and/or freestanding PVA composite films. During the
fabrication of the optical modulator based nanomaterials, the operation
spectrum range, recovery time as well modulation depth have great relevance
in the present application, so, all these parameters will be determined or
estimated. The following sections contain the film preparation and
characterization of all mentioned materials.
2.4.1 Ni-NPs optical modulator

To prepare Ni-NPs in the suspension form, sodium dodecyl sulfate
(SDS) aqueous solution was first prepared by adding 1 g of SDS to 100 ml of
deionized water and mixed thoroughly for 15 min; SDS was used as a
negatively charged surfactant to functionalize the nanoparticle and prevent
further aggregation and surface binding. Then, Ni-NPs (from Hongwu
International Group Ltd) with 99.9% purity and particle size of 40-60 nm
were dispersed in SDS solution with different volume ratios (0.75% and 1%).
The aqueous solution was further processed by an ultrasonic homogenizer to
obtain a controlled dispersion with high homogeneity. To waste unwarranted
hotness during sonication, the sample container was submerged in a water
bath. The prepared surfactant-dispersed solution exhibited good stability
reaching up to several days without any sedimentation of particle

agglomeration. This fabrication process is proven to be simple and effortless.
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While the freestanding Ni-PVA nanocomposites were prepared using
casting methods in four main steps. Since Ni-NPs cannot be dissolved in
water directly, this type of nanoparticles was functionalized firstly by using
SDS surfactant to be dispersed easily in water. Then, a PVA aqueous solution
with a ratio of ~10 mg/mL was also prepared. After that, the Ni-NPs fluid was
further dispersed in a PVA aqueous solution at the volume ratio of 1:1 for 10
hours using an ultrasonic device. The resultant suspension is dropped into a
clean petri dish and kept to dehydrate at room temperature for 4-6 days until
Ni-polymer film is formed.

Precise linear, spectroscopic, and nonlinear characterizations are the
key essential step to verify if a specified material can be considering as a
prospective optical modulator or switcher. The absorption spectra (200-2000
nm) of prepared Ni-based optical modulator samples were investigated using
a spectrophotometer. Due to plasmon resonance arising from the metallic
characteristics, Ni-NPs exhibits a broadband absorption over a wide range
covering UV to NIR regions with a notable absorption in the 1 and 1.5 um

region as depicted in Fig. (2.9).

From the data of absorption spectrum, the value of the optical band-gap is
appraised via applying the Tauc relation. Fig.(2.10) displays the plot of
(aphv)? versus hv, in which the optical band-gap of the prepared sample is
achieved by linear extrapolating the Tauc plot. From this plot, the Ni-matrix
samples reveal a sharp absorption edge, and a narrow range for the band-
gap value is estimated as 3.25-5.1 eV. Noteworthy, strong spin-orbit coupling
in assisted with high thermal conductivity of Ni results in absence of excited
state absorption, up-conversion mechanism, minimize re-absorption loss and
thermal phonon vibrations during lasing action [27,38]. The linear parameters

(including the absorption coefficient, absorption cross-section, band-gap
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energy, insertion loss, and the recovery time) of the three samples of Ni-NPs
are shown in Table (2.3).
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Fig. (2.9): The absorption spectrum of Ni-NPs in the range 200-2000 nm
(highlighted is lasing operation region).
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Fig. (2.10): Tauc plot of the three samples of Ni-NPs.

Furthermore, the nonlinear optical properties of Ni-NPs suspension
were characterized using the Z-scan technique. A CW Nd: YAG laser with a
power of 100 mW, beam diameter < 1.5 mm and beam divergence of 1.2
mrad was used in this experiment. A 10 cm focal length lens was used to
focus the laser beam into the sample. The Ni-NPs suspension was put in a
cuvette of 1 mm path length to use in this study. The closed aperture and open

aperture were used for the determination of the nonlinear refractive index (n,)



61

and the nonlinear absorption coefficient (f). The Z-scan profile for both
closed aperture and open aperture is depicted in Fig.(2.11). From this figure,
Ni—NPs suspension shows a wide range of nonlinear properties such as self-

defocusing and saturable absorption.
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Fig.(2.11): Normalized transmission of (a) closed aperture, (b) open aperture.

Table (2.3): The linear parameters of Ni-NPs samples.

o, at o, at 1550
a at a at )
1030 nm nm E, T | Insertion | Ly
Sample | 1030 nm ) 1550 nm 5
L | cm)x | (cm?) | (ev) | (ps) | loss (dB) | (um)
(cm™) (cm™)
10716 x 10716
Ni-NF
28.57 0.273 97.05 0.927 3.25 3 1.227 -
(0.35)
Ni-

PVA/ | 39248 | 17497 | 40.526 1.8066 51 | 543 2.63 21
0.75%

Ni-
PVA/ | g7887 | 29385 | 92911 31064 | 4.5 3981 2372 | 14
1%

Moreover, the intensity-dependent optical absorption of Ni-PVA film
was investigated by a twin-detector measurement technique. The resultant

characteristic of various Ni-NPs samples is depicted in Fig.(2.12). From these

nonlinear measurements, it is found that Ni-NPs samples exhibit a significant
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saturable absorption property with a very large nonlinear absorption
coefficient, nonlinear refractive index coefficient, and strong 3"
susceptibility. The nonlinear properties of Ni-NPs samples are shown in Table
(2.4).
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Fig.(2.12): Nonlinear absorption of Ni-NPs for: (a) Ni-NF of 75% volume
ratio, (b) Ni:PVA film (0.75% volume ratio), and (c) Ni:PVA film (1%

volume ratio).
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Table (2.4): The nonlinear parameters of Ni-NPs samples.

Sample AT (%) a,s (%) ls %2 "2 x3 (esu)
0 0

" (MW/cm?) | cm/W (cm?/W)
Ni-NF 2.8 16 200 -0.012 -5-83x10% | 1.29x10°
Ni-PVA/

11 10 200 - - -
0.75%
Ni-PVA/

69 16.05 - - -

1%

Notably, Ni-NPs has a reasonably large saturation intensity, which this
property attributed to the transition metals behavior [181]. The recovery time
Is estimated to be in the range between 3-39.81 ps. These parameters indicate
that Ni-NPs is suitable to be used as an optical modulator for enhancing the
stability of multiwavelength oscillation as well as for a fast and ultrafast pulse
generation, which is superior to many other nonlinear materials.

The optical absorption can mainly be accomplished from the plasmonic
characteristic of the metallic Ni-NPs. The nonlinear optical influence of
metallic Ni-NPs material can be described as follows: as the pump light
incident on these metallic NPs, the free electrons are collectively excited.
Owing to the massive amplification of the local electric field at the surface of
Ni-NPs, the nonlinear optical absorption can be improved and subsequently
results in excited electrons up to the conductive band until it reaches
saturation [45,182]. The transition action of an electron in the NIR region is a
key role in both linear absorptions as well as nonlinear absorption
phenomena.

2.4.2 Fe,0O; optical modulator

Firstly, Fe,O3; optical modulator was prepared in a water-based
magnetic fluid using sonication assisted liquid-phase agitation. Fe,O3-NPs
(nanoshell) possess 99 % purity with an average diameter of about 45 nm

dispersed in SDS solution with a 3 mg/ml concentration to process the NPs
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and avert further aggregation as well as surface binding. The aqueous solution
was further functionalized using an ultrasonic homogenizer to get a regulated
dispersion with great homogeneity. To waste unwarranted hotness during
sonication, the sample container was submerged in a water bath. Finally, the
resulting rust orange solution was kept in a plastic container for future using.

Later, Fe,O3; optical modulator was also assembled as a freestanding
thin film using drop-casting process followed by dehydration. 5 mg of Fe,O;-
NPs was mixed to 5 ml of polymer solution (concentration of 10 mg/ml)
giving a mass to the volume ratio of 1 mg/ml. The mixture was agitated under
a sonication homogenizer for 2 h. Next, the prepared nano-suspension was
dropped into a plastic plate and let to dehydrate at the ambient room
temperature for 4 days to form a uniformly distributed freestanding film.
Subsequently, the resultant Fe,O3/PVA film was removed from the dish and
chopped into small parts to be employed as an optical modulator for a fiber
laser. The deposition of Fe,O3; film by drop-casting is a simple physical
method without complex equipment needed.

After that, the absorption spectra (200-2000 nm) of prepared Fe,O3-
based optical modulator samples were investigated using a
spectrophotometer, as shown in Fig (2.13). The prepared samples exhibit

good absorption in the 1 um and 1.5 pm.
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Fig. (2.13): The absorption spectrum of prepared Fe,O3-NPs samples in the
range 200-2000 nm (highlighted is lasing operation region).
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The absorption coefficient and absorption cross-section of each of these
samples at the two regions are illustrated in Table (2.5). Moreover, the band-
gap energy also has been estimated using the Tauc relation. Fig.(2.14)
Illustrates the Tauc plot at n=2. From this plot, the Fe,O3-NPs samples reveal
a wide adsorption edge, and a wide range for the band-gap value is estimated
as 3.5-4.96 eV.
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Fig.(2.14): Tauc plot of Fe,O3-NPs.

Table (2.5): The linear parameters of Fe,0O3-NPs samples.

o, at o, at 1550
a at a at
1030 nm nm E, T | Insertion | Lg
Sample | 1030 nm ) 1550 nm >
1 (cm?) x 1 (cm™) X | (ev) | (ns) | loss (dB) | (um)
(cm™) L0-18 (cm™) L0-18
Fe,O3-
535.7 512 806.1 770 35 | 1.9 1.327 -
NF
Fe20s- 496 | 1.66 | 402 | 15
PVA 91.3 0.611 168.04 1.124 - - -

Thereafter, the nonlinear features of the Fe,O3-based optical modulator
samples were explored using the Z-scan and twin-detector measurement
techniques. The Z-scan technique was done using a nanosecond Nd: YAG
with Gaussian profile, beam divergence of 0.711 mrad, beam diameter <1.5

mm, and maximum energy of 140 mJ as the excitation source of this
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experiment. This laser was focused into the sample utilizing a convex lens of
20 cm focal length. In the closed-aperture examination part, the prepared
sample is moved laterally the z-axis and the transmitted energy was recorded
through a narrow aperture in the distant-area. The Z-scan resultant
characteristics of closed/open apertures for the prepared Fe,O3-NPs sample
are depicted in Fig.(2.15). While the intensity-dependent optical absorptions
of various Fe,O3-NPs samples are depicted in Fig.(2.16). From these
nonlinear measurements, it is found that Fe,O3-NPs samples exhibit a
significant saturable absorption property with a good nonlinear absorption
coefficient, large nonlinear refractive index, and strong 3™ susceptibility.
Additionally, the recovery time is estimated to be in the range between 1.66-
194 ns. The linear and nonlinear properties of prepared Fe,Os;-NPs samples
are shown in Table (2.5) and Table (2.6), respectively.
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Fig.(2.15): Normalized transmission of (a) open aperture, (b) closed aperture.
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67

Table (2.6): The nonlinear parameters of Fe,O3-NPs samples.

Sample AT (%) a,s (%) ls ) %2 nzz x3 (esu)
(MW/cm®) cm/W (cm“/W)
Fe,O3-
NE 7.2 38.3 0.188 - - =
Fe,0Os- -8.598x% 9.457x 8.695x%
PVA 11.9 2.48 190 10-6 Lo-11 10-°

2.4.3 SiO, optical modulator

As in the previous nanoparticles, SiO, is also prepared in two forms.
Firstly, SiO, nano-suspension was prepared via dispersed nanoparticle (SiO,
with uniform tetrahedral structures or near-spherical shape with an average
diameter of about 32 nm from Nanjing Nano Technology Co., Ltd.) SDS
solution with a 3 mg/ml concentration. At the first, the mixture was
continuously blended at modest speed for 1 h with the aid of a magnetic
blender. Then, the resultant nanofluid was further functionalized using
ultrasonic agitation for ~ 2 h to get a homogenous dispersion of the NPs. Due
to the easiness of the assembling, the absence of costly tools and fewer
fabrication steps give rise to a straightforward and economical technique to
assemble the optical modulator. Lastly, the resultant milky color suspension
was preserved in the plastic cuvette.

Then, SiO,-PVA film is assembled via mixed 5 mg with 5 ml of
polymer solution using a magnetic stirrer at moderate speed for 1 h. Then the
resultant mixture was emptied carefully into plastic Petri dishes and left to be
dried at room temperature for about 4 days. Dried thin films were produced
due to dehydrating the evaporation process.

As the optical qualities are the figures of merit to verify if a precise
substance can be recommending as a tolerable optical modulator, the prepared

samples are exposed to a spectrophotometer, z-scan technique, and twin-
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detector techniques. The linear absorption spectra of the prepared SiO,-NPs
samples in the 200-2000 nm region are measured using the spectrophotometer
as shown in Fig. (2.17). These spectra indicated that the SiO,-NPs samples
possess a good absorption value at the lasing bands of 1 and 1.5 um, where
the highlight regions show the wavelength range in 1 and 1.5 um regions.
While, the insertion losses of the SiO,-NPs samples based optical modulator
are measured ~ 0.11 and 3.468 dB, for the liquid and thin-film samples,
respectively. This quantity contains the absorption of optical modulator matter
itself and the misalignment among the coupled ferrules produced via the
integration of the optical modulator matter. The big loss can put a number of

limitations on the cavity gain and restricts the pulse duration [183].
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Fig. (2.17): The absorption spectrum of prepared SiO,-NPs samples in the
range 200-2000 nm (highlighted is lasing operation region).
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Additionally, the band-gap energy also has been determined as depicted
in Fig.(2.18). The linear properties of prepared SiO,-NPs samples are shown
in Table (2.7).

Table (2.7): The linear parameters of SiO,-NPs samples.

o, at o, at 1550
a at a at ]
1030 nm nm E, T | Insertion | Lg
Sample | 1030 nm ) 1550 nm 5
I m°) x I (cm™) X | (ev) | (ns) | loss (dB) | (um)
(cm™) 0-18 (cm™) 10-16
SiO,-
29.26 19.567 806.05 5.39 486 | 38.4 0.11 -
NF
SiO,-
oya | 1119 | 0748 | 15877 | 0.01062 521 | 117 | 3468 | 235

The nonlinear properties of prepared SiO,-NPs samples are shown in
Table (2.8), in which the same setup that is used in the nonlinear examination
for the Fe,O3; was employed here also. The resultant characteristics of Z-scan
(closed and open apertures) and the intensity-dependent optical absorption for
the prepared SiO,-NPs sample are depicted in Fig.(2.19) and Fig.(2.20),
respectively. From these measurements, it is found that SiO,-NPs samples
exhibit a significant saturable absorption property with a good nonlinear
absorption coefficient, good nonlinear refractive index, and a strong 3"
susceptibility. Additionally, the recovery time can be estimated to be in the
range between 1.17-38.4 ns.

Table (2.8): The nonlinear parameters of SiO,-NPs samples.

Sample AT (%) o, (%) ls o2 "z x3 (esu)
" (MW/cm?) | cm/W (cm?/W)
SiO2-NF 8 34.1 0.126 - - -
SiO;- -3.072 x 1.1562 x | 1.238 x

VA 24.68 3.82 220 ot o6 108
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Fig.(2.19): Normalized transmission of (a) closed aperture, (b) open aperture.
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2.4.4 Fe,03/Si0;, nanocomposite optical modulator

By fabricating a ferroelectric-dielectric composite, a new approach is
proposed to realize the unique optoelectronic features under field coupling.
Due to that the performance of optical modulators considerably relies on the
crystal building, morphology of the surface, and the NPs composition of the
film. Therefore, a mixture Fe,O3-NPs and SiO,-NPs were prepared and then
examined its performance as an optical modulator. An equal amount of
Fe,03-NPs and SiO,-NPs were mixed and then dispersed in PVA solution
with a concentration of 1 mg/ml. The product of mixture was agitated under
an ultrasonic vibration (40 kHz frequency, and 60 W ultrasonic power) for 10
hours to produce a uniform suspension. The prepared nanocomposite solution
displays a rust orange color. The resultant nanocomposite solution is dropped
into a clean petri dish, and then left till the freestanding nanocomposite
polymeric film is formed. Finally, the dried thin film with a thickness of about
23 um was obtained and then carefully peeled off from the petri dish substrate
to later use.

The Vis-NIR spectrum of the nanocomposite is studied by using a
spectrophotometer in the wavelength band of 200-2000 nm covering the
visible and near-infrared bands. The detected transmittance spectrum is
presented in Fig.(2.21). It can be observed from this figure that the
nanocomposite exhibits a broadband linear transmittance with good
absorption character in the entire mentioned regions. This nanocomposite is
almost possessing an appropriate absorption in the band between 1000 and
1500 nm. From the absorption spectrum values, the optical band-gap quantity
can be appraised via applying the Tauc relation. Fig. (2.22) displays the plot
of (a,hv)® versus hv, in which the optical bandgap of the prepared sample
was achieved by linear extrapolating the Tauc plot. From this plot, the
Fe,03/SIO, nanocomposite sample reveals a broad absorption edge, and a
wide span for the band-gap quantity is estimated as 2.702-4.53 eV.
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Fig. (2.21): The absorption spectrum of Fe,O3/SiO, nanocomposite in the
range 200-2000 nm (highlighted is lasing operation region).
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Fig.(2.22): Tauc plot of Fe,03/SiO, nanocomposite.

The normalized transmittance (Fig.(2.23)) is plotted against the z
sample location that is estimated concerning the focal plane. Fig.(2.23a)
shows the closed aperture behavior of the nanocomposite thin film, in which
the curves of the prepared sample revealed a valley after a peak, this means
that the sign of n, is negative. This state denotes that the present
nanocomposite work as self-defocusing material. An open-aperture
examination is accomplished via the elimination of the aperture; so, the
transmitted beam reaches the photo-detector once transmitting the prepared

specimen. The normalized transmittance is graphed against the z-location of
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the specimen, which the signature of Fe,03/SiO, nanocomposite is presented
in Fig.(2.23b). From this figure, Fe,03/SiO, nanocomposite shows a
saturable absorption property. Also, from this measurement, it is found that
Fe,03/SiO, nanocomposite has a big nonlinear absorption coefficient -
1.1562x 10™> cm/W, good nonlinear refractive index coefficient -3.8234

x 10~ cm?/W, and a strong third order susceptibility ~ 1.7955x 10~7 esu.
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Fig.(2.23): Normalized transmission of Fe,03/SiO, nanocomposite for: (a)

closed aperture, (b) open aperture.
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Fig.(2.24): Nonlinear absorption for Fe,03/SiO, nanocomposite film.

Besides, the intensity-dependent optical absorption for the prepared
Fe,03/Si0, nanocomposite film was investigated by a twin-detector

measurement technique. The resultant characteristic of the Fe,05/SiO,
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nanocomposite sample is depicted in Fig.(2.24), these results clearly indicate
that the Fe,03/SiO, nanocomposite film exhibits a significant saturable
absorption property. The as-prepared Fe,O3/SiO, nanocomposite film has a
modulation depth of 16.9 %, a nonsaturable absorber of 8.66 %, and a
saturation intensity of 34 MW/cm®.

To further investigate the property of the prepared sample, the recovery
time was also estimated to be about 7.65 ns. The linear and nonlinear
properties of the prepared Fe,03/SiO, nanocomposite sample are shown in
Table (2.9).

Table (2.9): The linear and nonlinear parameters of Fe,03/SIO,

nanocomposite.

a at o, at a at o, at 1550 _
Insertion
1030 nm | 1030 nm | 1550 nm nm Egz(ev) | T(ns)
1 ) 1 ) loss (dB)
(cm™) (cm?) (cm™) (cm™)
7.423% 6.685 x 2.702-
111.014 99.98 7.65 1.026
1071° 10719 4.53
o o IS Ay n, 3
L, (um) | AT (%) | ang (%) X3 (esu)

(MW/cm?) | cm/W | (cm?/W)

-3.8234 | 1.7955X%

16.9 8.66 34 1.1562x%
S x 10711 1077

1073
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Chapter Three

Results and Discussion: Multiwavelength Ytterbium Doped

Fiber Laser

3.1 Introduction

Nonlinear influences based on nanomaterials have a vital role in
current photonic employment, containing control over the wavelength
spectrum of laser signal, initiation of short/ultrashort pulses, and ultra-swift
switching. In this chapter, highly nonlinear nanomaterials are employed to
generate a steady multiwavelength ytterbium fiber laser in various
operation conditions. Three different nonlinear nanomaterials based on
optical modulators (Ni, Fe,O3, and SiO, NPs) are employed in the ring
cavity to generate a multiwavelength in a 1 pm region. These
nanomaterials are a comparatively simple and cost-effective alternative
compared to other techniques utilized in a multiwavelength generation.
Besides, the exploiting of these nanomaterials averts the radical alternatives
to the oscillator length and consequently averts the trouble of the specific
balance of the losses in the laser cavity. This is strangely crucial for the
controlling of the nonlinear effects in the laser cavity to achieve
multiwavelength generation. On the other hand, at precise conditions, these
nanomaterials assist to induce a pulsed generation. In this work, two
different types of YDF are used as an active medium, one with length of
1.5 m while the other with 0.6 m. The experimental setup of the proposed
multiwavelength YDFL is shown previously in chapter two in Fig. (2.1).
Characterization of the obtained results including optical spectrum,
stability, average power, pulse energy, PRR, and pulse width with the

employment of the fabricated optical modulators are discussions.
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3.2 Ni-NPs Optical Modulator

This section includes the details about the experimental setup,
results, and discussion of the proposed multiwavelength YDFL based on Ni
thin film.

3.2.1 Ni Thin Layer Based-NF

Firstly, an ultra-thin layer of Ni-NF was embedded inside the YDFL
based on 1.5 m of the gain medium. As the pump reached about 126 mW,
lasing emission centered 1036.104 nm was realized. As the absorbed pump
power was upraised gradually above the threshold, the cavity nonlinearity
was more promoted and the lasing emission switched from one line to
multiple-lines where the new lasing wavelengths appeared as the pump
power increased due to the mode hopping effect inside the cavity. Dual-
emission lines located at 1037.388 nm and 1038.06 nm with wavelength
spacing of 0.722 nm began at the excited power of 153 mW. Sequentially,
via gradually adapting the excited power to 160 mW and then to 182 mW,
the multiwavelength was switched to triple- wavelength (1035.48,
1037.516, and 1038.028 nm), and quadruple-wavelength (1034.84,
1035.012, 1037.528, and 1037.92 nm), respectively. The optical spectra at
different pump power are shown in Fig(3.1).

From this figure, it can be observed that as the incident pump power was
continued to increase between 235 mW and 300 mW, a significant
broadening was noticed with multiple-lines reached to more than 15 peaks
with lines spacing of about 0.188 nm. This is owing to the augmentation of
YDF gain concerning rising pump power. Also, this condition permits
significant signal power for the nonlinear effects (such as FWM) assistance
by the high nonlinearity of Ni thin layer to generate new lines at the
neighborhood lasing wavelengths. The broadening effect may be attributed
to some nonlinear processes generated in the YDFL ring cavity such as the

self-phase modulation effect. In the meantime, the temporal signal of the
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multiwavelength YDFL output was examined, which was no pulse-like

output was found, indicating that the multiwavelength YDFL output is

operated in the CW state. This might be accredited to the deposited Ni-thin

layer does not meet the prerequisites of the pulse laser operation [28,184].
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To more examination of the operation characteristic of the fiber laser
based on Ni-thin layer, two successive thin layers of the coating were
smeared by dripping the Ni-thin layer onto the tip of the fiber and
subsequent desiccation at room temperature. After embedding the Ni-thin
layer inside the YDFL, the cavity nonlinearity was enhanced and lasing
emission was realized at a threshold pump power of about 130 mW
centered at 1036.104 nm. But, as the pump power increases to about 174
mW, dual-emission with wavelengths of 1035.692 nm and 1037.932 nm
was appeared. It noteworthy that as the pump power exceeds the 230 mW,
the emitted laser was switched to a single line centered at 1037.544, which
showed a significant broadening due to the high nonlinearity inside the
cavity. The optical spectra at different pump power are depicted in
Fig.(3.2).
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In the meantime, once the bleaching threshold of about 193 mW, the
self-starting Q-switching pulse was achieved and its stable generation was
maintained up to the uppermost exciting power of 300 mW. Fig. (3.3)

presents the stable pulse trains at the lowest and uppermost exciting power.
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Fig. (3.3): Oscilloscope trace at a different pump power of (a) 193 mW and
(b) 280 mW.

The repetition rate and pulse width as a function of the pump power
are depicted in Fig.(3.4a), while, the average output power and pulse
energy of the proposed laser as a function of the input pump power are
depicted in Fig.(3.4b). Fig.(3.4a) and Fig.(3.4b) show a near-linear
dependence of the repetition rate, pulse width, average output power, and
the pulse energy on the pump power. During this operation, the pulse width
was tuned between 1.88-1.31 ps, repetition frequency was varied between
74-130.6 kHz. From Fig. (3.4a), it can be observed that at the pump power
of about 253 mW, the pulse duration was increased to about 1.38 us and
then became decreases as the pump power increased more. While at the
maximum repetition rate of about 137 kHz was observed at a pump power
of about 267 mW, but after that became decreases to about 131 kHz and
then 10 130.7 kHz. This is due to the oversaturation effect of the Ni SA.

On the other side, the recorded output power raised linearly up to
1.271 mW, whereas the pulse energy varied from 1.014 nJ to 9.732 nJ as
the pump power increased across the range 193-280 mW. Temporarily, the

maximum peak power of 7.43 mW was achieved at the maximum pump
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power of 280 mW. The Q-switched fiber laser has a slope efficiency of

1.38 %.
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The fundamental frequency was stated by the RF spectrum to be

~130.6 kHz, which can be achieved from Fourier transform. A signal to
noise ratio (SNR) ~50 dB within a 500 kHz span of frequency, which is

obviously offered in Fig.(3.5). This designates the great stability of the

emitted pulses. Adopting the exciting emission among minimum and

maximum allowable magnitudes does not influence the performance of the

generated Q-switched pulses confirming that the optical modulator matter

continued intact.
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After that, the Ni-thin layer performance was examined using the
YDFL cavity based on 0.6 m of the gain medium. In the present case, the
lasing starting for single line generation was verified at 60 mW placed at
1062.9 nm. By progressively adjustment of the laser diode pump power up
to 71.4 and 85 mW and without any intracavity filtering, stable dual-, and
triple-lasing lines have been observed at 1062.9 nm, 1063.7 nm, and 1064.5
nm, respectively, with a SNR ~36.5 dB. The optical spectra at different
pump power are shown in Fig.(3.6).
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Fig (3.6): Optical spectra of YDFL based-Ni thin layer at pump power of:
(@) 60 mW, (b) 71.4 mW, and (c) 85 mW.

These multiwavelength generations were realized with constant
spacing with the assistance of the FWM effect. The FWM effect can
efficiently exert control over the YDF gain profile, which leads to the
mitigation of the mode competition resulting from the homogenous gain

broadening in the ring cavity; this is due to the high third-order nonlinearity
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of Ni-thin layer. On the other hand, as the number of wavelength lines
depends on the pump power, therefore additional peaks might appear if the
pump power increases further.

Meanwhile, the temporal examination proved that Ni-thin layer
induced a pulse generation within the cavity. The mode-locking signal was
achieved at a bleaching power of 66 mW, but its process was suffered from
instability issues (Fig. (3.7)) and then disappeared at the pump power
exceeded the 170 mW. To further stabilized the pulse operation and
sustained it, it must be balanced between the linear and nonlinear

parameters of the cavity.
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Fig. (3.7): Oscilloscope trace of unstable pulsed YDFL based on Ni thin

layer.

To more compassion with the first YDFL cavity, two successive Ni-
NF layers were applied on the fiber tip using the dropping method. In this
experiment, the lasing process begun at a threshold of about 71 mW with a
single wavelength located at 1064.4 nm. Then, dual- and triple-wavelength
were observed at 1064.4 nm, 1063.6 nm, and 1062.8 nm as the pump
power increased up to 85 and 102 mW, respectively. The optical spectra at
different pump power are depicted in Fig.(3.8). In the meantime, the mode-

locked operation was begun at a threshold pump power of about 108 mW.
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By progressively adopting the rotational and compression forces of in-line
PC, dark pulse radiation generating in a fundamental repetition frequency
of 30.5 MHz (which corresponding to the fiber laser ring length) is

perceived as presented in Fig. (3.9a).
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As exhibited in the oscilloscope trace, the dark pulse is characterized
via the narrow intensity dip in the CW lasing radiation background. The
pulse duration of the resulted pulse was ~3.5 ns, as shown in Fig (3.9b). For
more studied the polarization mechanisms of the dark pulse, the PC was
more carefully adopted together at 200 mW, the 3™ harmonic generation of
dark pulses was detected, as displayed in Fig.(3.10a).
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Fig.(3.10): Oscilloscope trace at 3 harmonic mode-locked dark pulses

based on Ni-thin layer.

It ought to be observed that the switching from the fundamental mode-
locking to the 3™ harmonic mode-locking of the dark pulses was achieved
by just adapting the PCs in the cavity, without any additional variations in
the experimental states. Also, it might be realized another harmonic
generation of the dark pulses through the adjusting of the PC, as well
higher harmonic order can be risen with an upsurge in the pump power, as
mentioned in previously published reports [185,186]. Additionally, it can
be perceived that pulse splitting takes place in the practice of changing the
PC compression and rotational strengths, this leads to the interface among
the pulses. Correspondingly, the repetition frequency multiplies and
converts to higher. On the other side, it can be observed that when the
harmonic order upsurges to the 3™ one, the optical spectrum exhibit no
noticeable variations.
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Fig.(3.10b) shows the zoomed-in pulse of the 3™ harmonic
generation, which the time pulse duration equal to~3.2 ns. The central
frequencies of both the fundamental and harmonic generations were
verified through the RF spectra using the FFT algorithm which were about
30.5 and 91.5 MHz with supermode suppression ratio of more than 31 and
47 dB, respectively, as shown in Fig.(3.11), which signifies the moderately

little peak fluctuations and good-performed mode-locking stability.
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Fig.(3.11): RF spectra for the (a) fundamental and (b) 3 harmonic

generations of the dark pulse mode-locked based on Ni-thin layer.

Besides, the OSC signal one more time experienced from instability
problems in the time domain which can be more enhanced via addition
intracavity elements. Generally, the dark pulse generation condition is
different from other pulse generation forms (e.g. bright pulse generation),
which is difficult to sustain. This is owing to the laser noise and/or small
environmental disturbance that permit diverse dark pulses to arise

automatically in the oscillator. This leads the laser to work in a condition of
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multiple dark pulses (harmonic generation). Finally, the average output
versus the pump power was examined, which the recorded output power
rises linearly up to 3.65 mW as the pump power was increased to about 200
mW, as illustrated in Fig.(3.12). The pulsed fiber laser has a slope
efficiency of 2.69 %.
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Fig. (3.12): Average power vs. the pump power.

Compare to the monolayers of Ni-thin layer, the increase in the
number of layers means that the dripped NPs' concentration on the fiber
end is somewhat greater that consequently persuades further absorption.
So, the modulation depth could be changed with the number of coated
layers on the fiber tip. The above-mentioned method can significantly have
recognized by low insertion loss as well as decrease the stating bleaching

power.

3.2.2 Ni-PVA Freestanding Film (0.75% volume)

To verify the functionality of the Ni-PVA as optical modulation, this
thin film was incorporated inside two different cavities of YDFL. First, the
Ni-PVA was adopted inside YDFL based on 1.5 m of YDF. As the input
pump power was boosted to 144 mW, a CW operation was observed at a
central wavelength of 1038.5 nm. Compared to the YDFL cavity without
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Ni-PVA, it can be observed that the emitted laser exhibited a blue-shifted
behavior. This blue shift might be ascribed to the insertion loss added by
the Ni-PVA thin film. The emission spectrum at threshold pump power is
depicted in Fig.(3.13a). Then, dual-wavelength peaks were generated with
a line spacing of 5 nm as the pump power reached 195 mW. The dual-
wavelength spectrum of the proposed laser at a maximum pump power of
288 mW is depicted in Fig.(3.13b). This figure displays two lasing lines at
1038.5 and 1043.5 nm with peak powers of about —13.556 and —19.135

dBm, respectively.
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Fig. (3.13): The optical signal with Ni-NPs SA at (a) threshold, (b)

maximum pump power.

In the meantime, as the pump power was gradually boosted in the
values between 185 and 288 mW, stable self-started Q-switched pulses
with broadly tunable repetition frequencies varying from 58.7 to 100.1 kHz
were achieved. The pulse width declines nearly monotonously from 4.31 to
1.44 ps corresponding to the achieved repetition rate. These are the
distinctive property of passive Q-switching laser. The temporal
characteristics of the proposed YDFL at threshold and maximum pump
powers are depicted in Fig.(3.14).

In order to further analysis of the features of the proposed YDFL, the
frequency characteristics of the Q-switched pulses were verified at the

highest pumping power of 288 mW. The fundamental RF at maximum
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output pulse of about 100.1 kHz which matched to the repetition rate of
Fig.(3.14b), SNR ~57.3 dB with no spectral modulation, and more than
eight harmonics frequency was observed with a frequency span of 1000
kHz are depicted in Fig.(3.15a). This confirms the good stability of the
generated pulses. The corresponding single pulse envelope at maximum
pump power is displayed in the inset of Fig.(3.15b). It shows the full half-

width maximum of about 1.44 ps.
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Fig.(3.14): Oscilloscope trace at: (a) 185 mW, and (b) 288 mW.
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Fig. (3.15): (a) RF signal and (b) The single pulse envelope at 288 mW.

On the other hand, the effect of the boost input power on the
repetition frequency and pulse duration are depicted in Fig.(3.16a). While
the effect of the boost input power on the output power and pulse energy
are presented in Fig.(3.16b). These results show that as the pump power

boosting in the range 185-288 mW leads to boosting in the average output
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power and the pulse energy between 107.15 to 445.45 uW and 1.825 to
4.45 nJ, respectively.
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The lasing lines and minimum pulse duration are related to cavity
parameters such as the nonlinearity of the cavity which is controlled by the
optical fiber and Ni-NPs thin film properties. Further enhancements, such
as more lasing lines, narrowing the lasing lines spacing, better mode
suppression, and wavelength selectivity can be achieved by optimizing the
cavity parameters, as well as by adding the wavelength selective filter.

Accordingly, the piece of 1 mmx1 mm Ni-PVA (0.75%) was
adopted inside YDFL based on 0.6 m of YDF to examine the effect of the
cavity with a thin part of this nonlinear material. YDFL cavity based on Ni-
PVA ran in CW regime at 65.7 mW, whereas Q-switched pulses began at a
threshold pump power of 107.7 mW. Firstly, at the threshold pump power
wavelength peak was detected at 1066.4 nm as presented in Fig.(3.17a). At
the power increased to about 85 mW, triple wavelengths were observed
which centered at 1058 nm, 1066.4 nm, and 1067.94 nm. Then, at exciting
power of 96.4 mW, quadruple wavelength located at 1058 nm, 1061.5 nm,
1066.4 nm, and 1067.94 nm were detected (Fig.(3.17b)). For more
progressively increased pump power, at 107.7 mW multiwavelength pulsed

operation was started with a pulse width of 2.7 us and peak to peak space
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among two contiguous pulses of 16.1 us. The repetition rate raised to 91.55
kHz, however, the pulse width reduced to 1.32 us with the rise of pump
power to 170 mW. Fig.(3.18) shows the pulses train of Q-switched
generation at the threshold and the maximum available pump power. The
symmetric and smooth pulses were monitored at the oscilloscope with no
noticeable amplitude and/or shape fluctuations in pulses, specifying the

stability of the Q-switched process.
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Fig.(3.17): Optical spectra of YDFL based on Ni-PVA at pump power of:
(@) 65.7 mW, (b) 85 mW, and (c) 96.4 mW.

The full characteristics of spectral, frequency domains, as well as
single pulse envelope at the utmost available excited power of 170 mW are
illustrated in Fig.(3.19). Whereas regarding the spectral examination, at the
pump power reached about 163 mW, quintuple wavelengths were observed
at peak locations 1057.4 nm, 1058 nm, 1061.5 nm, 1066.4 nm, and 1067.98
nm, as shown in Fig. (3.91a). Fig.(3.91b) offers the RF spectrum of the
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proposed Q-switched laser, which possessing a fundamental frequency of
91.45 kHz with an SNR of about 54 dB. Several frequency peaks perceived
in RF at the period of 1200 kHz confirm stable Q-switched generation.
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Fig.(3.18): Oscilloscope trace at pump power of: (a) 107.7 mW, and (c)
170 mW.
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Moreover, the largest pulse energy was registered to be 8.97 nJ,
rising linearly from 0.92 nJ to 8.97 nJ, whereas, the recorded output power
rises linearly up to 777.14 uW as the pump power was increased across the
range 107.7-170 mW, as illustrated in Fig. (3.20a). The upsurge in the
repetition frequency and reduction of pulse duration with risen exciting
power is harmonious with the Q-switched process of the proposed YDFL
as revealed in Fig. (3.20b). Q-switching process of the YDFL is also
workable within a range exceeded the applied in the present experiment.
The high nonlinear effect simultaneously with broadband absorption, good
modulation depth, and low insertion loss of Ni-PVA film may improve
both the stability of the multiwavelength generation and Q-switching
quality, as well as it can be used in different photonics applications
[187,188].
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3.2.3 Ni-PVA Freestanding Film (1% volume)

The lasing lines and minimum pulse duration are related to cavity
parameters such as the nonlinearity of the cavity which is controlled by the
optical fiber and Ni-NPs thin film properties. As the linear and nonlinear
properties (including absorption) are related to the doping concentration of
nanoparticles in the host material, therefore, Ni-NPs is deposited with a 1%
volume ratio in the PVA host to form a freestanding thin film having
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different properties in comparison with the previous one. As the Ni-PVA
thin film was integrated inside the YDFL ring cavity (1.5 YDF), the cavity
nonlinearity was enhanced, and CW operation with a central wavelength of
1039.7 nm was generated at a threshold pump power of about 120 mW.
Also, the emitted laser exhibited a blue-shifted behavior in comparison
with the CW YDFL without Ni-PVA. At the pump power attained to 185
mW, dual-wavelength was observed at 1039.7 nm and 1039.1 nm. While,
as the pump power reached 250 mW and 260 mW, newly switched triple-
and quadruple lines appeared, respectively. Those triple- and quadruple-
lines are oscillations at 1037, 1037.7, 1038.4, and 1039.1 nm. The related
emission spectrum of the proposed YDFL for different pump powers is
depicted in Fig.(3.21). The single-, dual-, triple-, and quadruple-line
oscillations were observed with a combination of five wavelengths, namely
1039.7, 1039.1, 1038.4, 1037.7, and 1037 nm.
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These multiwavelength generations were realized with constant
spacing with the assistance of the FWM effect. The FWM effect can
efficiently exert control over the YDF gain profile, which leads to the
mitigation of the mode competition resulting from the homogenous gain
broadening in the ring cavity. The FWM effect leads to energy
redistribution of various oscillating lines and then enhances the stability of
multiwavelength operation. The following occurrence verifies the presence
of FWM: first, the number of wavelength lines depends on the pump
power, in which additional peaks might appear if the pump power increases
further. This due to FWM efficiency increasing as the pump power
increases. Second, all the wavelength lines are separated by a constant
channel spacing of = 0.7 nm. This effect resulted from the high nonlinearity
of Ni-PVA thin film. Noteworthy, the wavelength spacing is determined by
the lengths and the effective group indices of both the optical fiber and the
nonlinear material (Ni-NPs) [25].

After that, the temporal characterization of this system was
examined. Through this experiment, as the pump power reached 144 mW,
a stable Q-switched pulse train self-started with a repetition rate of about
35.99 kHz and pulse duration of about 5.21 us. The Q-switched operation
was increasingly preserved as the pump power boosts more to the
maximum available pump power of 290 mW, at which the repetition rate
linearly increased to 82.4 kHz and the pulse width narrowed to 138.7 ns.
These are distinctive characteristics of passive Q-switching that are
ascribed to the nonlinear mechanisms in both the gain medium and the
saturable absorber. Fig.(3.22) shows the oscilloscope trace at 144, and 290
mW pump power, in which the corresponding pulse durations are about
5.21 ps and 138.7 ns, respectively. The repetition rate and pulse width as a
function of the pump power are depicted in Fig.(3.23a). On the other hand,
the average output power and pulse energy of the proposed laser as a

function of the input pump power are depicted in Fig.(3.23b).
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Fig.(3.23) shows a near-linear dependence of the repetition rate,
pulse width, average output power, and the pulse energy on the pump
power. On the other side, the recorded output power rises linearly up to
777.14 uW, whereas the pulse energy varied from 2.24 nJ to 9.1 nJ as the
pump power was increased across the range 144-290 mW. Temporarily,
the maximum peak power of 65.94 mW was achieved at the maximum
pump power of 290 mW. The Q-switched fiber laser has a slope efficiency
of 0.26 %. The output efficiency could be improved by optimizing the
cavity parameters such as reducing the insertion loss made by the SA and
by adjusting the laser cavity design in terms of splice loss and fiber length
[29].
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Furthermore, the stability of the proposed laser can be verified by
observing the RF output spectrum as well as scanning the optical spectra
for a period of half an hour. Fig.(3.24a) shows the frequency characteristics
of the Q-switching pulses at a pump power of 290 mW. At maximum pump
power, the fundamental RF was observed at 82.40 kHz with SNR of more
than 54 dB with no spectral modulation. The inset of Fig.(3.24a) shows the
resultant single-pulse envelope, which displays a symmetrical, Gaussian-
like shape. Fig.(3.24b) shows the laser spectrum scanning at 5-minute
intervals for half an hour at a maximum pump power of 290 mW.
Consequently, a stable multiwavelength with a wavelength drift and a
power fluctuation of less than 0.2 nm and 3 dBm, respectively. Also, these
multiwavelength generations have side mode suppression ratio (SMSR) of
more than 32 dB, which can be achieved at room temperature and without

the necessity for any additional intracavity filtration.
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Fig. (3.24): (a) RF spectrum, and (b) optical spectra stability at a maximum
pump power of 290 mW.
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Additionally, the obtained results demonstrated that the output
performance is analogous to that of typical Q-switched generation that
utilizes other nanomaterials, such as black phosphorus [34], graphene
[189], and CNTSs [190], in a ytterbium-doped fiber laser cavity.

It is normal behavior for the nonlinear process of FWM to have an
unequal power distribution until reaching a certain value of input pump
power. Also, a small amplitude variation was noticed among the multi-
lines, which was ascribed to the spectral gain behavior of the YDF. The
optimization of the cavity parameters, such as the nonlinearity and the gain
spectrum, is supposed to further minimize the amplitude variation.
Fig.(3.24) indicates that the proposed Ni-PVA SA can promote the good
stability of the YDF multiwavelength Q-switched laser.

Then, the same sample was examined with a short YDFL of 0.6 m
YDF. As the Ni-PVA is integrated inside the cavity, a CW operation with a
considerable spectral broadening was observed at a threshold excited
power of about 96 mW. The central wavelength was located at 1061.2 nm
and the FWHM linewidth of the laser peak was determined to be 1.51 nm
(Fig.(3.25)).
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Fig.(3.25): The optical signal based Ni-PVA SA at threshold pump

power.

Meanwhile, at the pump power of 121 mW, a self-starting Q-

switched was begun with a repetition rate of about 16.82 kHz and pulse
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duration of about 3.975us. At the stimulating power of 144 mW, the lasing
peak shifted little to 1060.4 nm in the pulsed regime, as displayed in Fig.
(3.26a). Fig. (3.26b) demonstrates the pulses train of Q-switched generation
at exciting power of 144 mW. Dual-, and triple-line oscillations were
observed namely 1037.8, 1038.4, and 1039.25 nm as the pump power
attained 178.5 and 210 mW, respectively. But, as the pump power reached
about 250 mW, the multiwavelength switched to mono-lasing peak, which
was observed at 1037.8 nm. The emission spectra of the proposed YDFL

for different pump powers are depicted in Fig.(3.27).
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Fig.(3.26): (a) The optical, and (b) the temporal signals based Ni-PVA SA
at 144 mw.

Notably, the switched single-, dual-, and triple-, peaks were realized
in a tuning range around the 1040 nm and 1060 nm by just rising the pump
level from 96 mW to 250 mW assisted with high nonlinearity of Ni-PVA
without any intracavity. At the maximum pump power of 250 mW, the
temporal signal possesses repetition rate increased linearly to 123.8 kHz
and the pulse width narrowed to 1.146 us. The oscilloscope trace and the
RF spectrum at the utmost exciting power of 260 mW are illustrated in Fig.
(3.28). Fig. (3.28c) demonstrations the RF spectrum at 260 mW of pump
level. An SNR of ~60 dB was obtained at the fundamental frequency of
123.8 kHz which indicates a high level stability of the Q-switching.
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The inclusive estimation of the average power and pulse energy as
the pump range is fine-tuned, illustrated in Fig. (3.29a). The largest
recorded pulse energy was 9.54 nJ and the highest output power was 1.181
mW. The slope efficiency of the Q-switched fiber laser was 0.78 %. Also,
the repetition rate and pulse width as a function of the pump power is
depicted in Fig. (3.29b). These are distinctive characteristics of passive Q-
switching that are ascribed to the nonlinear mechanisms in both the gain

medium and the saturable absorber.
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3.3 Fe,0O; Optical Modulator

In this section, the functionality of Fe, O3 in YDFL based on 0.6 m of
YDF is illustrated.
3.3.1 Fe,03-PVA Freestanding Film

The Fe,03-PVA thin film was inserted into the YDFL cavity via a
fiber adaptor among two SMF pigtails as the optical equalizer and stabilizer
due to their high nonlinearity. Through this work, as the pump power
progressively raised between 102-170 mW and without any intracavity, Six
lasing lines were observed around 1040 nm with a bandwidth of about 4.5
nm (Fig.3.30)). Herein, it found that as the Fe,0O;-PVA thin film
incorporated inside the cavity, a blue-shifted lasing line centered at 1041.69
was detected at the threshold pump power of 102 mW. More gradually

Pulse Width (us)
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rising the pump level to be about 170 mW, stable dual, triple, quadruple,
and quintuple multiwavelength lasing channel were perceived at 1039.06,
1039.95, 1040.54, 1041.29, 1041.69, and 1042.54 nm inducing by the high
nonlinear effect of Fe,O3; NPs. But, both the wavelength and power of
lasing lines were suffered from some fluctuation due to the mode

competition of the YDF spectrum.
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Due to this experiment, no pulse signal is detected as there is no sign
on the oscilloscope to suggest the existence of pulses, although the Fe,Os-
PVA thin film possesses the saturation absorption property (as noted in the
characterization section in Fe,O3-PVA to generate pulses by Q-switching
or locking mode). The main subject in the understanding of the reason for
accomplishing the CW lasing operation can be explaining as follow. It is
recognized that the encouraging of pulse operation (Q-switched or mode-
locked) demands a precise balance of the numerous parameters in the laser
modulator especially the nonlinearity and dispersion effects. Therefore, in
the present work, the conceivable reason is that the deposited thin film does

not convene the necessities of the pulse laser operation.
3.3.2 Fe,O3 Thin Layer Based NF

The influence of Fe203-NF on the YDF was examined. One and two
consecutive layers of the coating were applied thru dipping the fiber tip
into the NF and then followed by dehydration at room temperature. Firstly,
one layer of Fe,O3-NF was applied, which as boosting the exciting power
to about 85 mW, laser light was emitted at a central wavelength of about
1065.7 nm. Then dual lasing lines were observed at 1051.7 and 1056.7 nm
as the exciting power reached about 150 mW. The optical signals at
threshold and 150 mW are presented in Fig.(3.31).
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On the other side, the temporal examination proved that Fe,Os-thin
layer persuaded a pulse operation represented by the mode-locked signal as
the bleaching power attained to about 120 mW. At 120 mW, stable mode-
locked pulses were created as the rotational and compression forces of the
in-line polarization controller was precisely adopted, which this
polarization adaptation is necessitated owing to the polarization
dependency gain/loss of the fiber oscillator and the polarization
dependency of the Fe,Os-thin layer optical modulator itself. Fig.(3.32)
show the temporal and RF signal at the exciting power of about 120 mW,
the characteristic pulse with a repetition frequency of 26.8 MHz that
matched the cavity length (~7.5 m). Fig.(3.32b) displays the RF spectrum,
in which a wide signal amplitude with a sampling rate of 26.8 MHz is
noticed and more to ~38 dB of SNR is estimated. By zooming the mono-

pulse, then ~18.6 ns is evaluated, as presented in Fig. (3.32c).
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Some ripple observed in the pulse, this due to the Q-switching
instability. The reason for the switching instability effect is the following.
Beginning from the steady-state of CW mode-locked, any little rise in the
pulse energy causes greater saturation of the saturable absorption property
of the optical modulator and consequently to a positive net gain. So, this
cause to the exponential increase of the pulse energy pending this increase
Is stationary by gain saturation. Usually, fiber laser reveals a big gain
saturation fluence, which might withstand several cavity round-trips. Then,
the pulse energy declines much less than the steady-state level. The
swaying around the steady-state is stopped only if gain saturation puts in
quick enough, which leads ultimately to obtain the stable CW mode-
locked. This obtained at the pump power reached about 200 mW, which
dark mode-locked pulses were generated with a pulse width of about 6.6 ns
was generated. The temporal and RF signals of the generated pulses at 200
mW are illustrated in Fig.(3.33).
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Nanosecond pulses were obtained from this cavity owing to the
cavity dispersion was not managed. Also, it should be noted that with no
autocorrelator, the measured pulse width does not represent the true value.
The average output power versus the pump power was also examined, as
illustrated in Fig.(3.34). From this figure, it is noticeable to remark that the
output power upsurges in the range 0.124-4.221 mW concerning to
stimulating power uprising among the range of 85-250 mW. The slope
efficiency of the proposed cavity is ~2.447%.
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Fig. (3.34): Average power vs. the pump power.

Later, another layer was added above the first one using the same
previous technique. Herein, the optical modulator properties (including the
absorption, dispersion, modulation depth, etc.) could be changed with the
dropped layer's number on the fiber tip. As the two-layer of Fe,O3-thin
layer is integrated within the YDFL, the emitted laser had been generated at
a bleaching power of about 85 mW, centered at 1060.239 nm with a side-
mode suppression ratio of about 24.1 dBm. Many side-modes were
detected at this pump power centered at 1059.599 nm and 1063.099 nm,
with peak power of about -39.876 dBm, and -44.549 dBm, respectively.
Dual-lasing lines were observed at 1051.634 nm and 1064.632 nm as the

pump power reached about 102 mW. As the pump power increased to
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about 187 mW, triple-lasing lines centered at 1043.355 nm, 1051.147 nm,
and 1064.671 nm were observed. Optical spectra at different pump powers
are depicted in Fig.(3.35).
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Fig. (3.35): Optical spectra of YDFL based on Fe,O3-NF at (a) 85
mW, (b) 102 mW, and (c) 187 mW.

In the temporal examination part, the oscilloscope monitor showed
that Fe,O3-thin layer induces a pulse operation within the cavity
represented by a mode-locked signal as the pump power reached about 110
mW. Herein, the polarization adjustment is requisite, so three puddles PC
was integrated into the cavity. After several attempts to adjust the
polarization within the cavity using the PC altogether with pump power, a
bight mode-locked with second harmonics generation was observed. The
oscilloscope trace, the single pulse envelope, and the RF spectrum are
depicted in Fig. (3.36).
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RF spectrum at 250 mW.

On the other hand, the impact of the polarization state of the
propagation signals is exported. With simultaneous changing of three
puddles PC, both the intensity and the central wavelength deviation of the
multiwavelength will be shifted, as shown in Fig. (3.37). At the maximum
power of about 250 mW, single-line (1056.9 nm), dual-line (1056.8 nm and
1062.39 nm), triple-line (1039.19 nm, 1047.36 nm, and 1056.8 nm), and
quadruple-line (1039.2 nm, 1047.36 nm, 1056.8 nm, and 1062.35 nm) were
observed by simply adjusted the PC. More details about the effects of the
three puddles PC on the YDF cavity have been explained in section 3.5.

Finally, the average output power versus the pump power was also
examined, as illustrated in Fig.(3.38). From this figure, it is observable to

distinguish that the output power upsurges in the range 75.06 uW-4.426
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mW associating to stimulating power uprising among the range of 85-250

mW. The slope efficiency of the proposed cavity is ~2.628%.
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3.4 SiO, Optical SA

In this section, the functionality of SiO, in YDFL based on 0.6 m of
YDF has been illustrated.
3.4.1 SiO,-PVA Freestanding Film

The spectral examination results of the YDFL based on SiO,-PVA
achieved in this experiment are displayed in Fig. (3.39). As the SiO,-PVA
thin film was inserted between the FC/PC fiber connector of the YDFL
cavity based on 0.6 m of YDF, the CW laser was generated at a bleaching

power of about 90.7 mW.
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Fig. (3.39): Optical spectra of YDFL based on SiO,/PVA thin film
at (a) 90.7 mw, (b) 102 mw, (c) 121.3 mW, and (d) 170 mW.

This figure reveals the optical spectra of the generated laser at
different pump powers, which designates that the YDFL based on SiO,-
PVA functioned as a switchable wavelength as the pump power varied
between 90.7 mW and 170 mW. The center wavelength of the generated
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laser at the threshold pump power of 90.7 mW is1059.328 nm with a 3 dB
spectral width of about 0.12 nm and SNR of about 31.4 dBm. As the pump
power reached about 102 mW, the central wavelength was switched to a
location of 1064.412 nm, while as the pump power increased more to 121.3
mW, dual-wavelength centered at 1062.796, 1063.508 nm were observed.
Moreover, at 170 mW, the optical spectrum of the generated laser shown in
Fig.(3.39d) proved that the output wavelength switched to 1062.116 nm
central wavelength, with SNR of about 43.6 dBm and 3 dB spectral width
of about 0.21. Through this work, no pulse signal has was noticed as there
IS no sign on the oscilloscope to suggest the existence of pulses, which
might be attributed to that the deposited thin film does not convene the
necessities of the laser pulse generation.

3.4.1 SiO,Thin Layer Based-NF

For more examination, a drip of SiO,-NF was placed on the fiber
end and then left to dry for several minutes after placed the fiber in vertical
form. The laser started as the pump power reached 85 mW. The CW
operation was generated at a central wavelength of 1064.46 nm with an
SNR of about 29.1 dBm. While as the pump power increased to 96.4, 102,
and 170 mW, dual-, triple-, and quadruple-lasing lines were emitted at
1062.9, 1063.7, 1064.5, 1065.3 nm, respectively, with constant line spacing
of about 0.8 nm. These multiwavelength generations were realized with
constant spacing with the assistance of the FWM effect. It can be noticed
that the multiple-lasing lines are uneven (Fig (3.40)); it is normal behavior
for the nonlinear process of FWM to have an unequal power distribution
until reaching a certain value of input pump power. On the other side, at the
pump power of 93.5 mW, it can be perceived that there a pulse signal was
monitored on the oscilloscope. This pulse operation still unstable despite
that the power increased to maximum available pump power. To

powerfully augment the mode-locked lasing efficiency via fulfilling a
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suitable regulating of the polarization-reliance gain/loss within the laser
oscillator, the PC was employed to detune the polarization condition of the
travelling wave in the YDFL cavity and to lessen polarization mode
rivalry. The temporal signal still suffers instability but it looked like a Q-

switched mode-locked laser generation, as shown in Fig(4.41).
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Fig. (3.40): Optical spectra of YDFL based on SiO, suspension at

(@) 90.7 mW, (b) 102 mw, (c) 121.3 mW, and (d) 170 mW.
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Fig.(3.41): Oscilloscope trace of YDFL based on SiO, suspension.
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Among the utilized nanomaterials in the present thesis, the SiO,
exhibits a large influence on the polarization state. As the polarization
controller integrated with a presently utilized cavity, the bleaching power
was increased to about 90.7 mW and the laser radiated was shifted to
wavelength around 1061.24 nm, as shown in Fig (3.42a). Then triple-
wavelength located at 1055.53, 1061.24, and 1066.35 nm were observed as
the pump power increased to about 102. But, as the pump power reached
about 170 mW, and with carefully adjusted the PC, quadruple-wavelength
located at 1054.46, 1060.39, 1061.46, 1065.97 were detected. The optical
spectra at different pump power are depicted in Fig.(3.42).
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Notably, the optimization of the polarization state of light inside the
cavity can act a job in the spectral gain of the fiber lasers and assist with
passive/active effect to minimize the mode competition and achieve
multiwavelength generation. Herein, the intensity-dependent loss produced
by adjusting the PC can be employed to efficiently mitigate the mode
competition, as well as the intensities and lasing line locations of
multiwavelength, which are mostly determined by the spectrum function of
the cavity birefringence. Through the fine-tuning of the PC that causes the
adaptations of the cavity birefringence, the quadruple lasing-lines could be
achieved. So, the line spacing of the multiple-lasing lines corresponds to
cavity birefringence. In this work, other wavelength lines could also be
achieved thru adopting the PC; however, the most stable lasing lines were
presented here. Generally, the relative strength of the temporal signal and
the line spacing among the lasing lines could be altered thru fine-adjust the
PC, in which the lasing pulses must instantaneously fulfill both the mode-
locking condition and the spectral function of the gain equalizer. However,
the mode-locking stability condition was not satisfied in this experiment,
which this cavity needs some dispersion management process. In our lab,
not have the HI-1060 fiber that is used in dispersion management in this
wavelength region.

Finally, the average output power versus the pump power was
examined for the YDF laser based on both the SiO,-PVA and SiO,-thin
layer samples. This laser cavity reveals slope efficiencies of about 2.576%
and, 3.037% based on SiO,/PVA and SiO,-thin layer samples,
respectively. The relation between the input power and average output

power based on these samples is illustrated in Fig.(3.43).
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3.5 Fe,05/Si0, Optical Modulator

Nanocomposites are recently applied to improve the linear and
nonlinear optical properties inconsequent to other physical and mechanical
properties. On the other side, the dielectric media such as silica glass
containing ferroelectric nanoparticles are being a new approach that is
proposed to realize unique optoelectronic features under field coupling.
Also, it was proved that the random parts of the distribution of
nanoparticles cause giant variation in the local electromagnetic field.
Herein, the blend effects and the good optical properties of both Fe,O5; and
SiO, nanoparticles have been exploited, which extra nonlinear effect inside
the cavity might appear.

As the Fe,03/SiO, nanocomposite film was incorporated inside the
laser cavity, a CW lasing was observed at a central wavelength around
1058.15 nm when threshold pump power was set to about 85 mW. After
that, the pump power was raised gradually. As diode pump power reached
about 93 mW, dual lasing lines located at 1058.2 nm and 1058.9 nm were
observed. Subsequently, quadruple lasing lines (1058.2, 1059.7, 1061.4,
and 1062.3 nm) with many lasing modes (1058.98, 1060.5, and 1063.1 nm)
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were detected at exciting power of about 127 mW. These multiple-lines
generated owing to the increase raise of YDF gain concerning rising pump
power. This condition permits considerable wave energy for the FWM
influence induces by the nonlinearity of Fe,03/SiO, nanocomposite to
produce new lines at the neighborhood lasing lines, which absorbs photons
from these waves to produce new photons at new various frequencies. At
162 mW of exciting power, the mode competition and mode hoping
appeared clearly inside the cavity, which leaded to disappeared one
wavelength and appeared another. At this pump power, the lasing lines
were observed at 1058.2 nm, 1063.9 nm, and 1064.7 nm. Also, multiple
lasing modes located at 1057.4 nm, 1058.98 nm, 1059.7 nm, 1063.15 nm,
and 1065.5 nm appeared in the emission spectrum. For more examination,
the pump power increased slowly to 187 mW. Herein, the multiple-line
oscillations were detected at 1058.2 nm, 1058.99 nm, 1063.11 nm, 1063.9
nm, and 1064.7 nm. More lasing modes centered at 1057.5 nm, 1059.7 nm,
1062.4 nm, and 1065.5 nm were observed.

Now, it can be concentrating on the examination of the generated
multiwavelength performance. The lasing lines and lasing modes were
detected at 1057.4, 1058.2, 1058.9, 1059.7, 1060.5, 1061.4, 1062.3, 1063.1,
1063.9, 1064.7, and 1065.5 nm, as the pump power varied between 85 and
187 mW, as shown in Fig.(3.44). It can be observed that the line spacing
between these lasing lines is not uniform, which the spacing between the
neighboring wavelengths was around 0.7, 0.8, and 0.9 nm. Notably, the line
spacing is determined by the birefringence of both the cavity and the
Fe,03/Si0O, nonlinear material as well as by the cavity length. However,
the motives about the non-uniform line spacing between the generated
wavelengths might be credited to: (1) the spectral hole-burning influence
inside the cavity [191]. (2) When the gain of the cavity for some lasing
lines is sufficiently big, whiles the gain of the other lines is adequately tiny,
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so the cavity will strengthen the lines owning big gain nonetheless alleviate
the other one [192].
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Fig.(3.44): Optical spectra of YDFL based on Fe,03/SiO, nanocomposite
film at (a) 85 mW, (b) 93 mW, (c) 127 mW, (d) 162 mW, and (e) 187 mW.

The multiwavelength performance including the lasing lines number

and spacing between the lines could be further improved via enhancing the

FWM efficiency thru optimizing the nonlinear material parameters (such as
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the thickness of thin-film and the concentration of the nanomaterials) and
lessening the cavity loss as well as inserting intra-cavity devices [193,194].
In the meantime, the typical oscilloscope signal of the
multiwavelength YDFL output based on Fe,03/SiO, nanocomposite film is
illustrated in Fig.(3.45). Unstable pulse form was noticed, proving that the
Fe,03/Si0O, nanocomposite film induces a pulse operation, but the cavity
and the thin film need some optimization to produce a stable pulse laser

signal.
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Fig.(3.45): Oscilloscope trace of YDFL based on Fe,03/SiO,

nanocomposite film.

After that, the impact of the polarization state of the propagation
signals is exported. By inserting three puddles PC and simultaneous
changing of its three puddles, the amplitude maxima of the laser dynamic
gain will be shifted. According to this system, a CW multiwavelength
lasing was observed at a central wavelength around 1060.804 nm when
threshold pump power set to about 93 mW, The channel peaks have 0.58
nm spacing, as shown in Fig.(3.46a).

Fig.(3.46) shows the dependence of the generated multiwavelength
line components on the pump power. Well localized and stabilized laser
spectra with the smooth line were generated as the pump power exceeds 93
mW. As the pump power increased to about 202 mW, the laser spectrum
contains dual various groups of channels created around 1060 nm and 1066

nmas shown in Fig. (3.46e).
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Fig. (3.46): Multiwavelength spectrum at a different power of (a) 93 mW,
(b) 110 mW, (c) 152 mW, (d) 187 mW, (e) 202 mW, and (d) 250 mW.

As adjusting the pump power to about 290 mW (Fig.(3.47a)), about
10 lasing lines with many lasing side modes were observed. After then, the

three puddles of the PC were adjusted which more lasing lines and more



119

side mode lasing with switching in the multiple lasing lines groups were
built up, as shown in Fig.(3.47).
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In the present work, the variation of polarization state plays a key
issue with vital significance to the dynamical character of the laser output.
So, the effect of polarization state on the multiwavelength emission lines

and the SNR were studied at the maximum available pump power of 290
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mW by detuning the polarization state of the circulated laser inside the
cavity. With the adjusting of the three puddles, stable multiwavelength of
more than 20 lines with SNR between 9 dB and 46 dB with many numbers
of side modes lasing were detected. Fig.(3.47b-e) displays the
multiwavelength with different polarization states. This asymmetric gain
can also be ascribed to many reasons. Firstly, polarization hole burning
influence intrinsic in YDF itself. Notably, the generated line is modulated
by the uneven feature spectrum from the ASE of the doped fiber.
Additionally, the polarization condition of various spectral lines in the
doped fiber could be varied via adopting the PC, so creating the
polarization dependent gain and encouraging hole burning influence. Also,
a strong polaritonic phenomenon is influenced on the phase-matching
conditions of the nonlinear effects. Thus, as the fiber laser functions in
other output conditions, it is challenging to adjust it constantly owing to the
influence of the previous mentioned effects [193,194].

The multiwavelength generation in the present cavity is based on the
cascaded structure of large-core fiber induced Fabry-Perot filter with the
assistance of Fe,03/SiO, nanocomposite induced FWM. Now, it can be
more concentrating on the examination of the generated multiwavelength
performance. There are many different effects induced inside the cavity.
First, the YDF possesses a 4 um core fiber, and all the other components of
the laser cavity have been built from a basic mode fiber with 6.2 pum core
fiber excluding the bending SMF possesses a core diameter of about 9 um.
So, this configuration can shape the Fabry-Perot filter, which works to
build standing wave interference inside the fiber cavity [25]. Second, a
three-puddles PC having a 3.5 m of SMF-28 bending on a spool with a loop
diameter of about 4.5 cm. Taking into consideration that the SMF-28 is not
exhibiting single-mode in the 1 pm, so transverse mode combining will

maybe happen among the LPy; and LP; modes [195-197].
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It worthy to note, these multiwavelength lines can be also seeded by
an FWM phenomenon induced by the high nonlinearity of Fe,03-SiO,
nanocomposite. On the other hand, multiple scattering excited by refractive
index inhomogeneities of Fe,03-SiO, nanocomposite might be provided an
optical gain together with in-cavity YDF. So, the nonlinear interaction of
various spectral components induced a multiwavelength generation with a
narrow linewidth of about 0.5 nm, as depicted in Fig. (3.46-47). The
ultranarrow emission modes might be attributed due to the interference
effects of the multiple modes which these effects give rise to distinct sharp
lines with a linewidth of less than 1 nm overlaid on the output lasing
spectrum.

In the meantime, the characteristic oscilloscope pulse signal of the
multiwavelength YDFL output based on Fe,03-SiO, nanocomposite is
presented in Fig.(3.48). The pulse behavior proving that the
multiwavelength YDFL output is in the situation of mode-locked operation.
This is attributed to the effect of high nonlinear refraction and absorption
influences of Fe,03-SiO, nanocomposite, as well as the effect of the
interferometer.

In addition to that, the polarization adopting via the PC alignment
can initiate a spectral gain-reliant amplitude variation. So, the temporal
dynamics of the generated fiber laser get different profiles with various
pulse shapes and intervals via adjusting the PC condition, which various
polarization orientations can regulate the time dynamics form of the
generated laser. In the present work, the operation regime between the CW
and pulsed operation can be switched by just fine-tuning the state of the
PC. Also, with a proper PC alignment the fiber laser can also exhibit
harmonic mode-locking. Fig.(3.48a-b) shows the oscilloscope trace and the
zoomed-in mono-pulse, which the time pulse duration equal to~27.4 ns.
The RF spectrum was also examined, which the central frequency was
estimated ~18.75 MHz, SNR > 56.3 dB at the 30 Hz resolution, as
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displayed in Fig.(3.48c). This denotes that the generated mode-locking
possesses relatively small peak value variations and well-behaved stability.
Also, the measured average output power is given in Fig.(3.49)
which indicates an approximately linear relation with excited power.
Besides, the largest realized pulse energy is ~0.309 nJ which associates to a
largest peak power of 5.801 mW. This laser cavity reveals a slope
efficiency of about 2.875 %.
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pulsed train, (b) the corresponding single pulse profile (c), and (d) RF
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Chapter Four

Results and Discussion: Multiwavelength Erbium Doped

Fiber Laser

4.1 Introduction

Generally, the C- and L-band spectrum (1530-1625) nm has
attracted a lot of interest in optical telecommunications due to the low
attenuation loss of silica fibers in this region and high transmission
capacity. The multiwavelength EDF offers various advantages such as a
low polarization-dependent gain, narrow linewidth, flat gain spectrum, high
conversion efficiency, and low lasing threshold. However, EDF
experiences a strong homogeneous broadening gain at room temperature,
which leads to severe mode competition and consequently affects the laser
stability. To date, different approaches have been proposed and
demonstrated to generate stable multiwavelength fiber lasers which can be
classified as active or passive techniques. The active nonlinear effects in
optical fibers such as the stimulated scattering effects and four-wave
mixing (FWM) can be achieved to generate multiwavelength laser. In this
chapter, active nonlinear effects based on FWM using highly nonlinear
nanomaterial have been exploited to produce a steady multiwavelength

EDFL with various temporal generations.

4.2 Ni-NPs Optical Modulator
This section includes the details about the results, and discussion of

the proposed multiwavelength EDFL based on Ni-NPs.

4.2.1 Nickel Thin Layer Based-NF:

First, the lasing output spectrum of the EDFL was tested without Ni-
NF. A CW laser at a central wavelength of 1567.508 nm was observed

when reaching a threshold pump power of ~72.4 mW as shown in
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Fig.(4.1a). The cavity nonlinearity was enhanced after embedding the Ni-
thin layer inside the EDFL, and FWM processes were achieved at a low
pump power of about 38.4 mW. CW output with a redshift of the lasing
wavelengths towards 1596.8 nm (L-band region) was observed as shown in
Fig.(4.1b).
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Fig.(4.1): The optical spectrum of EDFL (a) without and, (b) with Ni-NF.

With the increase of pump power, dual, triple, and quadruple
wavelengths were observed at 1595.6 nm, 1596.8 nm, 1598 nm, and 1599.2
nm respectively. Figs. (4.2a-c) depict the measured spectra under pump
powers of 52, 88, and 101.6 mW, respectively. As the pump power reaches
a maximum value of 300 mW, the SMSR increases to about 43 dBm and
the peak power of the four peaks becomes more stable. One side-mode is
observed at 1594.4 nm with peak power of about —39.966 dB at the
maximum pump power [Fig.(4.2e)].

The induced FWM leading to the mitigation of the mode competition
in the EDFL is due to the high third-order nonlinearity of Ni-thin layer. The
redshift in wavelength is out of our expectation at first glance as the EDF
gain in the L-band is about 10 times lower than that in the C-band.
Compared with the C-band region, EDF requires a long length with a large
doping concentration, and high threshold pump power to generate a laser in
the L-band [14,198-200].
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Fig.(4.2): The optical spectrum of EDFL at a different pump power (a) 52
mW, (b) 88 mW (c) 101.6 mw, (d) 160 mW, and (e) 300 mW.

Meanwhile, FWM efficiency mainly depends on the nonlinear
coefficient y, the pump power P, and the effective fiber length L (as nFWM
« yPL). More importantly, the nonlinear coefficient y (which is governed
by 2mn,/Aeff A) plays a dominant role in enhancing the FWM effect.
Additionally, the contribution of the dispersion effect is very small and can
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be ignored, which results in a high FWM conversion efficiency. The

proposed fiber laser operates in continuous mode as no pulse operation was

observed. The possible reason is that the deposited Ni-NF as a thin layer

inside the ring cavity does not meet the prerequisites of the pulse laser
operation [28,171].

In order to investigate the stability of the proposed multiwavelength

fiber laser, the laser spectra were scanned at 5 min intervals for half an hour

at a maximum pump power of 300 mW as shown in Fig.(4.3).
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Fig.(4.3): (a) Output spectra measured with 30 minutes, (b) wavelength

shift, and (c) Power fluctuations.

It has been found that the power fluctuation is less than 3 dBm, and

the wavelength drift is less than 0.07 nm, which confirms high stability at

room temperature without using a polarization controller or other

intracavity filters. Besides, to investigate the stability, the power fluctuation
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of the obtained peaks at maximum output power is shown in Figs. (4.3b)
and (4.3c).

The performance of the proposed multiwavelength EDFL was
compared with recently reported multiwavelength lasers based on FWM
induced with different approaches such as graphene, black phosphorus, Bi-
EDF, DSF, and HNLF. The main parameters of them are listed in Table
(4.1). The table illustrates that Ref. [28] has the lowest threshold pump
power but it is more compact which is based on graphene and a
polarization-maintaining fiber Sagnac loop mirror. Therefore, the proposed
laser is a cost-effective fabrication with lower pump power than most

previous works.

Table (4.1): The output performance comparison of multiwavelength fiber
lasers based on FWM.

Channel Threshold Singles
Central ing (nm) at K
spacing (nm) a um ea
Material wavelength P g. pHmp p _ Ref.
(nm) a maximum power (m | extinction
nm
pump power W) ratio (dB)
Graphene
Ipolarization-
S 1530 0.54 7 57 [28]
maintaining fiber
sagnac loop mirror
Bi-EDF 1615.5 0.41 147 30 [201]
Black
phosphorus/micro- 1882.5 0.54 116 40 [184]
fiber coil
DSF+HNLF 1595 0.9 40 30 [20]
. Our
Nickel 1596.8 1.2 38.4 40
work
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4.2.2 Ni-PVA Freestanding Film (0.35% volume):

The EDFL cavity based on 2 m of doped fiber was configured to
operate with the Ni-PVA film to examine this functionality in the 1.5 pm
region. As the Ni-PVA SA is integrated inside the cavity, a CW operation
with a considerable spectral broadening was observed at a threshold
exciting power of about 77 mW. The emitted laser (1567.51 nm) exhibited
a blue shift property in comparison with this cavity without Ni-PVA, this
might be attributed to the insertion loss added by the Ni-PVA SA, whereas
the broadening effect can be attributed to the SPM effect in the EDFL ring
oscillator that arises owing to the high intensive light generated in the
oscillator. Once the pump power reached 85 mW, self-started Q-switching
pulses were generated with pulse duration of 4.9 us and a repetition
frequency of 20.5 kHz. Fig.(4.4) shows the optical spectra of the CW laser
in comparison with Q-switched pulsed at threshold pump power. As the
exciting power was gradually boosted to an utmost value of 275 mW, the
repetition frequency was linearly raised to 56.79 kHz and the pulse

duration was lessened to 1.5 ps.

0
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-104 - with Ni-PVA SA
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Fig.(4.4): The optical spectra of the CW laser in comparison with Q-
switched pulsed at threshold pump power.
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The temporal descriptions of the pulsed EDFL at the threshold and
utmost excited power are depicted in Fig.(4.5). The Q-switching pulses
were stable and no major amplitudes modulation was noticed in the pulses
train and maintained an almost uniform shape and pulse intensity. From
this figure, the pulse-to-pulse amplitude fluctuation at the maximum pump

power is approximately 0.2%.
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Fig.(4.5): Oscilloscope trace at (a) 85 mW, (b) 275 mW, and (c) single
pulse profile at 275 mW.

Fig.(4.6) shows the frequency characteristics of the Q-switching
pulses at a pump power of 275 mW. The fundamental RF at maximum
output pulse of about 56.79 kHz which matched the repetition rate of
Fig.(4.5b), SNR of more than 44 dB with no spectral modulation, and more
than 12 harmonics frequency was observed with a span resolution
bandwidth of 800 kHz, which confirms the stability of the Q-switching
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pulses. The pulse repetition rate and pulse width of the Q-switched EDFL

as a function of pump power are depicted in Fig.(4.7a).
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Fig.(4.6): RF spectrum at maximum pump power.
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Fig.(4.7): (a) Pulse width and pulse repetition rate, and (b) Output power

and pulse energy as a function of pump power.

The minimum pulse duration is related to the properties of the SA
(e.g. modulation depth, recovery time), active medium, cavity length, and
exciting power. While the exciting power boosted, the pulse repetition rate
IS increased because the additional gain is supplied to the cavity leads to the
rapid saturation time in both the laser active medium and the SA at
maximum pump power. The average output power and pulse energy of the
proposed laser as a function of the input pump power is depicted in
Fig.(4.7b). This result shows that as the exciting power upsurges from 85 to

275 mW leads to an increase in the average output power and the pulse
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energy between 10 and 245.9 uW and 0.515-4.33 nJ respectively. The

performance of generated pulses can be more enhanced by the adjusting of

the laser cavity parameters.
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Fig.(4.8): The optical spectra at different pump power.

On the other hand, the optical spectra of emitted laser were tested
under different pump power of 170, 210, 228, 236.4, and 275 mW, these

results show in Fig.(4.8). As shown in the figure, it can be observed that as
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the pump power raised to 228 and 236.4 m, the number of lines increased
to dual and triple. The result indicates that Ni-NPs have the ability to
generate multiwavelength laser due to their high nonlinearity. The
generated wavelengths lasing are observed at 1563.1, 1563.3, and 1563.4
nm. The optical SMSR of the multiwavelength Q-switched EDFL output

spectrum is estimated to be about 49 dBm.

In order to investigate the stability of the generated multiwavelength
laser, the laser spectra were scanned each 5 min interval for half an hour at
a maximum pump power of 275 mW as shown in Fig.(4.9). It has been
found that the wavelength drift and power fluctuations are less than 0.03
nm and 2.4 dBm, respectively, which confirms that the operation is stable
at room temperature. Further enhancements, such as more lasing lines,
better mode suppression, and wavelength selectivity can be achieved by
optimizing the cavity parameters, as well as by adding the comb-like filter

to the ring cavity.

T T T T T T T T 1
1559 1560 1561 1562 1563 1564 1568 1566 1567 1568
Wavelength (nm)

Fig.(4.9): Output spectra measured at the maximum pump power of 275

mW for 30 minutes.

Table (4.2) offers a brief on the results of lately published researches
for both the nonlinear optical properties of different SAs nanomaterials and

the corresponding EDFL operating situations with the Q-switched laser
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output features when optical modulator matter integrated inside the
oscillator. From the results in Table (4.2), the current manufactured fiber
laser based on Ni-NPs optical modulator has a promising Q-switching
performance of the smallest pulse width, a higher modulation depth, and
relatively low pump power. The nonlinear optical properties of the
saturable absorber such as modulation depth and the third-order
susceptibility will determine the feasibility of Q-switching operation. The
high third-order susceptibility of Ni-NPs is 1-29x 10 esu which is superior
to other SA’s such as gold nanoparticles, copper oxide, and carbon
nanotubes. This work clearly indicates that Ni-NPs is a good SA candidate
to be used as a modulator for a fast and ultrafast pulse generation at low

pump power.

Table (4.2): Performance comparison of different types of saturable
absorbers in Q-switched EDFL.

Threshold | Maximum .
Minimum I sat
Saturable pump Pulse _
o Pulse width | a9 % | yx(esu) | MW | Ref.
absorber power repetition )
(Hs) /cm
(mW) rate (kHz)
Carbon PR
40 47 4.6 - 10°-10 222 | [127]
nanotube
Copper 41,
?p 70 83 2.6 35 | 10%-10° | 3.3 [
oxide 202]
) 5 15x | [29,
Aluminum 156 48.8 2.17 7 ~10°
107* | 203]
6 [204,
Gold 114.8 58.1 1.78 7.8 ~10° 19.9
205]
_ ; [39,
Silver 19.9 58.5 2.4 18.5 Sl 75
206]
. 5 Our
Ni-NPs 77 56.79 15 15 ~10 200
work
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4.3 Fe,0O3; Optical Modulator

At the first stage of the work, the laser functioned in CW operation
as the exciting power was boosted beyond the threshold of 73 mW. As the
Fe, O3 thin film was inserted inside the cavity, the laser was emitted as the
pump power reached about 91 mW, which lasing peak was centered at a
1563.192 nm wavelength with about 2.9 nm 3dB bandwidth and 28.6 dB
peak intensity (Fig.(4.10)). As the pump power exceeded the 107.7 mW, a
self-starting and stable passively Q-switched was observed with a pulse
width of 13.07 us and pulse repetition rate of 15.81 kHz. The generated
pulse train stayed stable as the exciting power was increased up to 164.3
mW. By raising the pump power to more than 164.3 mW, the pulses turn
into unstable and then disappeared, this might be attributed due to that the
Fe,O3 optical modulator exhibited an over-saturated without any thermal
damage. As the exciting power returned to decreased less than 164.3 mW,

the Q-switched pulses were retuned with a stable phase.
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Fig.(4.10): The optical spectrum of EDFL based on Fe, O3 thin film at
threshold pump power.

The pulse width reduced from 13.07 to 7.18 ps at the same exciting

power values, which corresponds to the normal feature of a Q-switched
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laser. While the pump power increased, the pulse repetition rate is
increased because the additional gain is supplied to the cavity leads to the
rapid saturation time in both the laser active medium and the SA at
maximum pump power. The minimum pulse duration is related to the
properties of the SA (e.g. modulation depth, recovery time), active
medium, cavity length, and pump power. It can be expected for shortening
the pulse duration and an improved whole Q-switching regime could be
attained via decreasing the overall length of the laser oscillator, improving
the birefringence of the oscillator, and decreasing the oscillator losses.
Fig.(4.11) depicts the oscilloscope trace of the Q-switching pulse in EDFL
at the threshold of 107.7 mW and the maximum applied pump power of
164.3 mW pump power. The pulse train preserved an even intensity

distribution without noticeable oscillation or amplitude alteration.
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Fig.(4.11): Oscilloscope trace at (a) threshold pump power and (b)

maximum applied pump power.

The reliance of pulse repetition frequency and the pulse duration on
the Input exciting power is revealed in Fig.(4.12a). While the average
output power and pulse energy of the planned laser versus the pump power
IS illustrated in Fig.(4.12b). These figures demonstrate that as the pump

power rises from 107.7 to 164.3 mW leads to a rise in the average output
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power and the pulse energy between 47.8 and 160.8 uW and 3.02-5.23 nJ,
respectively, with an efficiency of 0.4221 %. The performance of produced
pulses can be more enhanced by the adopting of the laser cavity
parameters.

To ensure the stability of the produced pulsed operation, the RF
spectrum of the output signal was examined at the maximum pump power
with a 500 kHz span. Fig.(4.143a) displays the fundamental RF amplitude
at 30.74 kHz with a span of 500 kHz. Fig.(4.13 b) displays the
corresponding single pulse profile of the generated pulse. It shows the full
half-width at full maximum of about 7.18 us. The SNR is 47.3 dB at the

fundamental frequency, which shows good Q-switching stability.

14 32 55
160 - b ~a= Average Output Power
30 —m—Pulse Energy

=a—Pulse Width
13 4 —u— Pulse Repetition Rate

28 140 -

26 1204

L24
100 -

H22
80

Pulse width (us)

T
ot
in

Output Power (uW)
Pulse Energy (nJ)

60

Pulse Repetition Rate (kHz)

40 3.0

\' 16
74

T T T T T T T
100 110 120 130 140 150 160 170 100 110 120 130 140 150 160 170
Pump Power (mW) Pump Power (mW)

Fig.(4.12): (a) Pulse width and pulse repetition rate, and (b) Output power

and pulse energy as a function of pump power.
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On the other side, multi-peaks were detected in the optical spectrum
at pump power reached about 160 mW. So, the optical spectrum at 164.3
mW is shown in and Fig.(4.14). This designates that two lasing lines are

oscillating at the same time, centered at 1563.21 nm and 1563.46 nm.
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Fig.(4.14): The optical spectrum of EDFL based on Fe, O3 thin film at
threshold pump power.

4.4 SiO, Optical Modulator

In this section, the function of the SiO, thin film in a 1.5 um band
using EDF as a gain medium is verified. The SiO, thin film was
incorporated in the laser cavity as an optical modulator by sandwiching it
among dual fiber ferrules thru a fiber adopter in the oscillator. As SiO, thin
film inserted in the cavity, and the pump power reached about 85 mW, the
laser light was initiated at a central wavelength of 1563.4 nm as shown in
Fig.(4.15). The 3-dB bandwidth was estimated to ~ 0.16 nm, while optical
SNR of the generated laser was determined to ~27.8 dBm.
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Fig.(4.15): The optical spectrum of EDFL based on SiO, thin film at

threshold pump power.
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While the pulse generation representing by the Q-switching pulses
train was self-started as the exciting power exceeded the 90.7 mW.
Fig.(4.16a) demonstrates the relation of the repetition rate and pulse width
versus the pump power as it adjusts from 90.7 mW to 170 mW. The
repetition frequency upsurges in the range 17.74 kHz-30.81 kHz as the
excited power upsurges among the mentioned range. Simultaneously, the
pulse duration lessens from 13.55 us to 4.025 us. Finally, the produced
pulsed performances versus exciting power were also examined and the
relation is demonstrated in Fig.(4.16b), which this figure displays the pulse
energy/output power of the pulsed EDFL at diverse exciting powers. Under
90.7 to 170 mW exciting power span, the average output power was
calculated to change from 8.92 uW to 155.6 uW. Together, pulse energy
was determined and possesses that the generated Q-switched covers the
optical energy varying from 0.503 nJ to 5.05 nJ.
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Fig.(4.16): (a) Pulse width and pulse repetition rate, and (b) Output power

and pulse energy as a function of pump power.

The pulse trains of Q-switched that correspond to the threshold and
maximum input pump power level are illustrated in Fig.(4.17). A single
envelope of a pulse train that exhibiting the pulse duration value at the
maximum pump power ranks was demonstrated in Fig.(4.18a). To confirm
the pulse stability, the RF spectrum recorded as depicted in Fig.(4.18b).
From this figure, it can be observed that the fundamental frequency peaked
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at 30.81 kHz having a SNR of 50 dB with no spectral modulation; also an
obvious trend of 14 harmonics frequency is shown. This denotes the

stability of the pulsed operation as an SNR > 30 dB.
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Fig.(4.17): Oscilloscope trace at (a) threshold pump power and (b)

maximum applied pump power.
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Fig. (4.18): (a) Single pulse envelope, and (b) RF spectrum of EDFL
based on SiO,-thin layer.
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Finally, the output optical spectrum at the maximum was also
recorded, which this spectrum presents that a single peak located at 1566

nm which no multiple-peaks were observed, as shown in Fig.(4.19).

4.5 Fe,05/Si0O, Optical Modulator

Finally, the functionality of the Fe,05/SiO, for optical modulation
has been verified. As a thin piece of the prepared Fe,03/SiO, thin film was
integrated into the laser cavity, the lasing light was started as the pump
power reached about 96.3 mW. As exciting power was increased to 121
mW, the EDFL began lasing with the passive Q-switching regime. A stable
pulse train was noticeable on the oscilloscope. To more examine the
performance of the Q-switching generation, the pump power was improved
progressively from 121 to 250 mW. As the pump power exceeded the 210
mW, the pulse signal became unstable and also suffered from the
fluctuation. In the range of 121-210 mW of the pump power, the repetition
rate tuned from 22.51 to 46.18 kHz, whereas the pulse width varied
between 9.85 to 2.8 us, the pulse train at the threshold level and 210 mW
are demonstrated in Fig. (4.20).
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Fig.(4.20): Oscilloscope trace at (a) threshold pump power and (b)

maximum applied pump power.

Fig.(4.21a) illustrations a monotonic increase of repetition frequency
between the values 22.51-46.18 kHz and then progressively decrease of the

pulse duration as the exciting power was raised from 121 to 210 mW. This
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figure proves a characteristic behavior of a Q-switched pulse. Boosting the
input exciting power caused in additional gain supply to saturate the optical
modulator matter. Accordingly, the bleaching energy accumulated in the
active matter was gotten earlier, producing to an upsurge in the repetition
frequency and a lessening in the pulse duration. On the other side, the
dependence of average output power and pulse energy of the proposed laser
on the input pump power is illustrated in Fig.(4.21b), which this figure
shows a near-linear reliance of the average output power and the pulse
energy on the pump power. The recorded output power upsurges linearly
up to 179 uW, while the pulse energy changed from 1.94 nJ to 3.88 nJ as
the pump power was improved across the range 120-210 mW.
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Fig.(4.21): (a) Pulse width and pulse repetition rate, and (b) Output power

and pulse energy as a function of pump power.

Additionally, the stability of this laser system was examined by
monitoring the RF output spectrum. Fig.(4.22a) demonstrates the frequency
characteristics of the Q-switching pulses at a pump level of 210 mW. At
maximum pump power, the fundamental RF was observed at 46.18 kHz
with a SNR of about 61.6 dB with no spectral modulation. Fig.(4.22b)
demonstrates the resultant single-pulse envelope, which displays a

symmetrical, Gaussian-like shape.
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Fig. (4.22): (a) Single pulse envelope, and (b) RF spectrum of EDFL
based on Fe,O3/SiO, thin film.

As the pump power reached 250 mW level, an obvious mode-locked
signal appeared. By adjusting the polarization controller, a fundamental
frequency of 26.5 a pulse width of about 4.6, as shown in Fig.(4.23). Still,

these mode-locked pulses suffered from some fluctuation.

0,020

T o)
0S4
0.015 4
0010 0,010 4
- 1 _
= z 9 ns
= 0.005 = 5,005+ 4.9 ns
3 =
= 0.000 ]
= = 0.0004
0,005 - 1 \ 1 ‘
0005
0,000 1
.250 200 -150 100 .50 0 S0 100 150 200 250 s 25 50 75 10,0
Time (ns) C Time (ns)

. Intensity (dB)

T T T T T T T
0 100 200 300 400 500 600 TOD
Frequency (kHz)
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The related optical spectra of the proposed EDFL for various pump
powers (96.3, 144, and 250) are showed in Fig.(4.24). The single-(1563.7),
dual-(1562.7, 1563.3) line oscillations were observed as the pump power
varied from the threshold of 96.3 mW to 144 mW.

=20 =10

a b
20 -

-30 4 20
- = 30+
g E
m 404 =
= =
T z 40
£ H
(-9 (- -50
= 60 =
E- 2 60+
5 3
]

70 - 15

al-l L T T T 1 'Nu Ll L v 1

1555 1560 1565 1570 1575 1555 1560 1565 1570 1575

Wavelength (nm) Wavelength (nm)

=10

-
-2

=34

40+

=5

601

Output Power (dBm)

=T+

-850 T T T 1
1555 1560 1565 1570 1578

Wavelength (nm)

Fig (4.24): Optical spectra of EDFL based on Fe,03/SiO, thin film at
pump power of: (a) 96.3 mW, (b) 144 mW, and (c) 250 mW.



CHAPTER FIVE
CONCLUSIONS AND
SUGGESTIONS FOR FUTURE
WORK



144

Chapter Five

Conclusions and Suggestions for Future Work

5.1 Conclusions

In conclusion, we proposed and experimentally demonstrated a simple,
compact and low cost multiwavelength from both ytterbium-doped fiber laser
and erbium-doped fiber laser Dby utilizing three different types of
nanomaterials (Ni-NPs, Fe,O3-NPs, and SiO,-NPs) as optical modulator. Our
study may pave an innovative method to produce multiwavelength lasing by
employing new nonlinear materials at low threshold pumping with a short
length cavity.

From this work, the following conclusions are drawn:

1. The Z-scan technique reveals that Ni-NPs, Fe,O3-NPs, SiO,-NPs, and
Fe,03/SI0, nanocomposite possess strong third-order susceptibility.
The remarkable optical efficiency of these nanoparticles is equivalent
to several kilometers of high nonlinear fiber, which significantly
reduces the cavity length and the required pump power.

2. Utilizing Ni-thin layer; high stable CW multiwavelength was simply
generated in the L-band and Ipum and without utilizing any
supplementary optical elements. Besides, mode-locking behavior was
realized in YDFL too.

3. When a small piece of fabricated Ni-PVA was integrated into a ring
cavity of both EDFL and YDFL, passively Q-switching
multiwavelength with pulse duration of a range between several
nanoseconds to few microseconds have been realized.

4. The Fe,0O3-PVA thin film has been assisted to realize multiwavelength
operated in CW regime around 1040 nm region, and operated in Q-

switching regime around 1563 nm.
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. Fe,O3-thin layer assists to generate multiple-channel oscillation
operated in the mode-locked regime at 1 pwm region.

. SI0,-NPs assist to generate CW multiwavelength and pulse
multiwavelength in the 1 um region using SiO,/PVA and SiO,-NF,
respectively.

. In'a 1.5 um region, SiO,-NPs induced a multiple lasing line emitted in
the Q-switching regime with pulse duration of few us by SiO,/PVA.

. Multiwavelength assisted by FWM in 1 and 1.5 pum regions with mode-
locked and CW operations were realized from YDFL and EDFL based
on Fe,03/Si0, nanocomposite, respectively.
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5.2 Suggestions for Future Work:

To enhance the multiwavelength fiber laser performance and to improve

more effective nonlinear optical modulator materials, we suggest the

following future work:

1.

Examination of CW and pulsed multiwavelength operation in thulium
and holmium doped fibers at 2 um band.

Realization of flat-gain multiwavelength operation by using multiple
cascaded filters in EDFL and YDFL.

Exploring other innovative ways to achieve new high NL materials.
Nanocomposites present an adaptable and specific approach to tailor
the bandgap and non-linear properties of the materials. So, by adjusting
the composition of metal (Ni-NPs), with metal oxide (Fe,O3-NPs)
and/or dielectric nanoparticles (SiO;), binary and ternary composite
can be attained with tunable characteristics.

The spin coating technique can be used to fabricate thinner and evenly
surface nanocomposite polymeric film. That will minimize beam
divergence and scattering losses and thus reducing the non-saturable
loss and improving the laser performance.

The optimization of the laser cavity should be carried out by more
reducing the total cavity length, and by optimizing the pumping
scheme, also the optimization of the cavity out-coupling is vital via
altering the coupling ratio other than that of 90:10. This will improve
the laser output performance and increase efficiency.

Higher pumping power must be considered to obtain efficient
nonlinear phenomena. Pump power in the range of 1 W is sufficient for
fiber-based NL applications.

We can extend our work in the visible range.
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