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Abstract 

This thesis contains the performance of four distinct saturable absorbers to 
generate stable femtosecond pulse maintaining an all fiber configuration. Out of 
four, two are physical saturable absorbers (fiber saturable absorber (FSA) & 
semiconductor saturable absorbing mirror (SESAM)) and other two are artificial 
saturable absorbers (nonlinear amplifying loop mirror (NALM) & Mamyshev 
regenerator). During the experiment, depending on the dispersion map of the 
architecture several types of stable pulses are observed such as stable Q-
switched, all normal dissipative soliton, dispersion managed dissipative soliton. 
Beside the stable solution, quasi-stable state like noise-like pulse (NLP), unequal 
multi-pulse states are also observed. Few states are diagnosed which are far 
away from stable region, contains extreme pulsation, in literature they are 
named chaotic states. All these states are captured and characterized in detail by 
performing dispersive Fourier transform (DFT), relative intensity noise (RIN). 
In case of NALM based laser, dual gain segment based figure-9 architecture is 
explored and a novel pulse dynamics of NLP is captured. A new architecture of 
Mamyshev oscillator is proposed where an all-fiber Lyot filter is utilized as one 
of the spectral filter. The efficiency of the proposed cavity is checked numerically 
by solving generalized non-linear Schrodinger equation (GNLSE). At the end, 
the output from most stable state is considered for amplification via chirped 
pulse amplification (CPA) technique. For this, two different architectures are 
implemented. The first setup is capable to deliver sub-300 fs pulses with 160 nJ 
of pulse energy. In the second architecture, the repetition rate is reduced by 
incorporating a pulse-picking setup.  final It can deliver pulses of 2.2 µJ at 1.09 
MHz of repetition rate. 
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Chapter: 01 

 

 

Introduction 

 

Abstract 

 

        In this chapter, fundamentals of fiber lasers, popular techniques of constructing a pulsed 

laser such as Q-switching, mode-locking have been briefed. The effect of dispersion, non-

linearity on the ultra-short pulse propagation in a nonlinear medium is discussed. 

Importance of saturable absorbers to produce pulsed output, types of saturable absorbers, 

their working principle is also presented. At the end chapter wise organization of the 

thesis is detailed. 
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1.1. Introduction: Since the very first discovery of laser in 1960 by T. H. Maiman relied 

on the theory of MASER (Charles Towens, 1953) [1], fundamental research and 

commercialization of lasers have been flourishing because of their numerous fascinating traits 

in photonics research field. But the main reason behind this rapid growth is the application of 

lasers in several sectors; material industry, astronomical research, defense and most 

importantly the medical fields [2-7]. Depending on the types of applications, lasers with 

several emitting wavelengths have been developed. The global market value of laser 

technology has crossed the value of 15 Billion in the year 2023 and is expected to cross 32 

Billion in 2032 [8]. A laser can be classified into four main groups depending on the type of 

gain medium used to form the laser, such as i) solid-state laser ii) gas laser iii) semiconductor 

laser iv) dye laser. Nd: YAG and CO2 lasers are commonly used in the material industry due 

to their emission wavelengths, which are readily absorbed by a wide range of materials. Ti: 

Sapphire lasers find applications in research fields such as spectroscopy, because of their high 

gain bandwidth and the ability to produce very short-duration pulses [9-11]. Although these 

lasers are serving well in their respective fields by their performance, fiber lasers have started 

to replace them because of their robustness, low maintenance, ease of thermal management 

and smaller footprints. A fiber laser fits into the category of solid-state laser as a rare earth 

element doped silica fiber is used as the gain medium.   

-

loss silica fiber by Charles Kao [12]. Although the very first laser is invented at 1961 where 

an Nd-doped fiber used as gain medium, development of low loss silica fiber, Erbium (Er) 

doped fiber amplifier [13-14] gave a kick start to optical fiber based long-haul 

communication. The development other rare-earth doped optical fibers like Ytterbium (Yb), 

Thulium (Tm), Holmium (Ho) and various optical fiber based components like fiber Bragg 

gratings (FBGs) [15], wavelength division multiplextures (WDM), faraday isolators, 

couplers etc. open a new avenue to compact, alignment-free fiber laser system. Besides that, 

various inherent optical properties of optical fibers like dispersion, nonlinearity, birefringence 

makes fiber laser interesting in the ultrafast domain. 

A particular field of application might rely on one or multiple laser parameters such as 

emission wavelength, average power, repetition rate, pulse duration, peak power, and pulse 

energy. For examples, Yb-doped fiber laser is mostly utilized in material processing industry 

for the reason most metals have efficient energy absorption at 1064 nm [16]. High-precision 

engraving on ceramics, metals are done by lasers with ns to fs duration [17]. Fs-laser at 1064 
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nm is used as the pump source to generate super-continuum out of photonic crystal fiber 

(PCF) which have a specific application on optical coherence tomography (OCT) [18-19]. 

Yb-doped fiber laser is also useful in imaging of biological samples via multiphoton 

microscopy [20-21]. 

Er-doped fiber laser and amplifier with its emission at the telecommunication wavelength 

(1550 nm) are used in high speed data transmission [22]. Besides, these lasers are also 

exploited in developing different type of sensors like stress-sensor, vibration-sensor, and 

hazardous chemical sensor [23-25]. Due to pronounced water absorption at 1.9 microns, Tm-

doped fiber lasers play a significant role in meeting the needs of the surgical industry [26-

27]. Recently, research on bismuth (Bi) doped optical fiber has also flourished because of its 

large emission bandwidth covering 1100-1650 nm which would greatly enhanced the 

transmission bandwidth in near future [28]. Research on optical fibers with different host 

material other than silica glass (e.g. chalcogenide, telluride, fluoride glass) is also being 

expanded for MID-IR generation [29-31]. Along with that, various materials, including 

transition metals like chromium [32], noble metals such as silver and gold [33-34], as well 

as several combinations of multiple rare earth elements [35-36] are incorporated into the 

core of optical fibers to achieve specific desired properties and constantly thriving the research 

 

Construction of ultrafast laser requires a method called saturable absorption in the cavity by 

which the cavity supports ultra-short pulse. Moreover, a stable pulsing operation requires a 

balance between parameters like dispersion, nonlinearity, gain, linear & nonlinear loss etc. 

[37-40]. A slight perturbation from a range of parameters leads the laser to any quasi-stable, 

unstable, chaotic state from the stable state which opens up a direction to study the pulse 

dynamics [41-44]. Moreover, inherent properties of optical fiber dispersion, Kerr-

nonlinearity and these properties induced phenomenon self-phase modulation (SPM), 

stimulated Raman scattering (SRS), cross phase modulation (XPM), four wave mixing 

(FWM) comes into play when an optical fiber is exposed to an ultra-short pulse [45-47]. 

Although these phenomenon sometimes limit the performance of a system for a particular 

application, they lead to fascinating optical pulse attributes which make optical fiber 

 

The ultimate goal of this thesis is to build an ultrafast laser system capable of producing 

pulses with single pulse energy in the micro-joule range. Aiming to this, a significant amount 

of work has been carried out in constructing a suitable seed oscillator and studying their pulse 
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dynamics. Performance of four different type of saturable absorbers are studied extensively. 

Out of four saturable absorbers, three saturable absorbers are utilized in making a suitable 

oscillator in distinct cavity architecture maintaining an all fiber architecture. The 

performance of the last SA is checked numerically. During the seed development process 

various types of pulse state have been observed such as: stable Q-switched pulse, dissipative 

solitons (DS), dispersion managed solitons (DMS), Noise like pulse (NLP) etc. Alongside 

these stable state, state transition to a complete chaotic state have also been observed. The 

roundtrip-to-roundtrip spectral instability of the chaotic state is characterized by performing 

dispersive Fourier transform (DFT); comparison of relative intensity noise (RIN) between 

stable and chaotic state is also done

proposed and its pulse dynamics are investigated by solving GNLSE numerically.  A tunable 

mplifier 

 the stable state which is compressible to its transform-limited 

duration.  

The end part contains two distinct designs of CPA set up where a stable mode-locked laser 

delivering stable DMS featuring high spectral bandwidth is considered as the seed source. 

The first architecture delivers sub-300 fs pulses at a repetition rate of 17.65 MHz with single 

pulse energy of 160 nJ. The later one delivers 2 J pulses with nearly 150 ps of pulse duration.  

From the next section, basics of pulsed fiber lasers, effects of dispersion and non-linearity 

pulse propagation through optical fiber, process of saturable absorption and spectral filtering 

and CPA method is described.  

1.2. Basics of fiber laser: Construction of any laser requires a suitable gain medium 

pumped inside resonator. In case of fiber laser, the gain medium is a rare-earth (RE) material 

(Nd, Yb, Er, Tm,) doped fiber pumped by semiconductor laser diodes; the pump is launched 

through free-space coupling or through WDM or pump combiners. Pigtailed fibers Bragg 

gratings (FBGs) or free space wavelength specific mirrors are used to form the resonators. In 

table-1.1, absorption and emission band of different RE-doped fibers are shown. Schematic of 

two simplest fiber laser cavity is shown in figure 1.1. Figure 1.1(a) is a linear configuration, 

in contrast figure, 1.1(b) is the ring configuration; these architectures form the resonator by 

sustaining standing and travelling wave respectively and are frequently employed by 

researchers with up-gradation/modification. 
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Table 1.1 Popular Absorption and emission band of different rare earth doped materials

RE-material Absorption band Emission band

Neodymium (Nd3+) 800 nm 1030 1100 nm, 900

950 nm, 1320 1350 nm

Ytterbium (Yb3+) 915 nm, 976 nm 1020 1080 nm

Erbium (Er3+) 976 nm, 1480 nm 1520 1600 nm

Thulium (Tm3+) 793 nm, 1620 nm 1700 2100nm

Holmium(Ho3+) 1950 nm, 1125 nm 2100 nm, 2900 nm

1.2.1 Modes of operation: Relying on the time dependency of output power, lasers are 

grouped into two broad groups; One is which gives continuous-wave output in time, known 

as a CW laser and the other class is called pulsed laser which provides output in a repetitive 

form. Figure 1.2 shows the output power variation of a CW laser (above) and pulsed laser 

(below) with time. As the output of a CW laser is not dependent on time, the average power 

is same as the peak power. But in case of pulsed laser, peak power is different from the average 

Figure 1.1: Schematic of simplest fiber laser cavity (a) Linear configuration (b) ring 
configuration 

(a)

(b)
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power and calculated by the formula, . Repetition 

rate of a laser is the measurement of number of pulses produced per second and the pulse 

width is time interval between leading and training edge of a pulse. As the formula of peak 

power says, a pulsed laser produces pulses of higher peak power which make them 

advantageous in lot of applications like material processing, waveguide inscription, nonlinear 

optics etc. Lasers with femtosecond time span is used to look into ultra-short natural 

phenomenon like molecular transition in spectroscopy. To obtain pulsed output, few 

additional techniques are adopted over a CW laser. There are four adopted methods to get 

pulsed output of distinct pulse duration; such as i. Quasi-cw (ms); ii. Gain switching (ms- ns); 

iii. Q-switching ( s-ns); iv. Mode-locking (ns-fs). Each technique has their own advantages 

and disadvantages over others and chosen upon the requirements of any particular 

application.

Quasi-CW and gain-switching are the processes where the pump in other term the gain is 

modulated periodically. In Quasi-CW the pump is kept switched on for enough time such that 

the laser goes to the steady CW state then the pump is switched off; which allows the system 

to thermally cool down. However, in gain-switching the pump is switched on for short time, 

Figure 1.2: Time variation of output of CW and pulsed laser. CW laser (above) and pulse 
laser (below).
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Quasi-CW process [48]. Both Q-switching and mode-locking can be done by an active and a 

passive way. However, Q-switching and mode-locking are two distinct mechanism discussed 

in the subsequent sections. In the active method, an AOM or EOM is used in the cavity which 

is controlled from outside via additional electronics. In the passive method, a component 

fluctuation in the cavity and suppresses lower intensity part; the fluctuation then shapes into 

a stable pulse over roundtrips [49-50]. 

1.2.1.A. Q-switching: By modulating the cavity loss periodically Q-switched pulses can 

be obtained. In this method a shutter is introduced inside the cavity which works as a periodic 

gate; when the shutter remains closed no feedback is provided to develop stimulated emission 

and in this interval a high population inversion is achieved. Then the shutter is suddenly 

opened to start the oscillation, as a result a large number of photons develops inside the cavity 

and the cavity delivers a high energy pulse. The Q-factor of a cavity is defined as 

 When cavity loss is high (shutter is closed), then the cavity has a low 

Q-factor. The Q-factor switches to a higher value as the cavity loss reduces. In figure 1.3, a 

schematic of buildup process of a Q-switched pulse is shown. Initially, an artificially high 

amount of loss is considered. The number of upper state population grows by following the 

equation  

 

This equation is obtained by solving the rate equation of an excited state atom and cavity 

photon numbers [51].   is the pumping rate and  is the excited state life time. To get a 

Q-switched pulse, the pumping time should be comparable to the decay time of the excited 

state atoms; a longer pumping time reduces the efficiency as the excited state population 

degrades after an interval . Solid-state gain medium with higher excited state life time 

generates more efficient Q-switched pulse in contrast to gas lasers having shorter excited 

state life time. Referring to figure 1.3, at a constant pump level, at time T0 although the upper 

level population crosses the threshold value (Nth), the number of photons remain low because 

there is no chance of stimulated emission. At T1, as the shutter opens, the cavity loss 

decreases; at this moment the number of stimulated photons starts to grow rapidly and 

consequently population of upper level starts reducing. When N2 becomes less then Nth, (at 
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T2) then the number of photons falls again to zero at a comparatively slower rate and the 

cavity is ready for another buildup process. The pulse duration and the pulse shape can be 

controlled by optimizing the cavity length and loss modulating curve.

Active Q-switching: In case of active Q-switching, an electronically controlled 

modulator such as AOM/EOM are incorporated inside the cavity as the loss modulators [52-

53].  EOM or AOM are made of materials like crystalline quartz, tellurium oxide. By this 

method, nanosecond to microsecond duration is achievable with MHz to kHz repetition rate 

which is controlled by a function generator.

Passive Q-switching: In contrast to active method, passively Q-switched lasers do not 

require any type of electronically controlled modulators. In this method, a material with 

nonlinear transmission property is utilized in the cavity such that when the optical intensity 

grows in the cavity the transmission automatically reduces and let the cavity delivers short 

duration pulse. These materials are called saturable absorbers (SA), can be thin films, specialty 

optical fibers [54-56] with suitable parameters. Detail of saturable absorbers are discussed in 

section 1.4.

1.2.1.B. Mode-locking: The mode-locking mechanism is the best and commonly adopted 

method to obtain pulses of ultra-short duration and the pulse attributes are totally different 

from a Q-switched pulse. As the name suggests, the excited longitudinal modes in a cavity 

Figure 1.3: Schematic of the buildup process of a Q-switched pulse
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are locked in phase to generate short pulse. In a Fabry-Perot cavity the frequency gap 

between two consecutive = m+1 m= 

light, n is the refractive index of the medium and L is the length of the cavity. This frequency 

gap ( ) is known as free spectral range (FSR) which becomes equal to the fundamental 

repetition rate of the laser once mode-locking is achieved. For a ring configuration the 

[57]. Mathematically, the electric field of an mth longitudinal mode 

is represented as

Am, m and m are the amplitude, phase and carrier frequency of the corresponding modes. 

Considering total (2N +1) number of excited modes, the net electric field becomes

Figure 1.4: Superposition of multiple modes with random and constant phase. (a) 10 modes 
with random phase relation. (b) 25 modes with random phase relation (c) 10 modes with 
constant phase relation (d) 50 modes with constant phase relation
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If the relative phases among the excited modes are locked among the excited modes such that 

, the intensity of the electric field transform to 

 

In figure 1.4(a) and 1.4(b), intensity profile of 10 superposed modes with a constant phase 

relation and random phase relations are shown respectively. It could be noticed that a 

constant phase relation among the excited modes suppresses the noisy side-bands. Figure 

1.4(c) and 1.4(d) present the comparison of 50 and 100 modes in a constant phase relation. 

The figures interpret that with the increment of number of excited modes, the pulse duration 

decreases. This is the reason behind the requirement of broader spectrum (larger number of 

excited modes) to obtain shorter pulse duration. In mathematics the frequency bandwidth is 

obtained by performing Fourier transform of a single pulse with the complex information. 

The product of time bandwidth and frequency bandwidth which is known as time bandwidth 

product (TBP) are different for different shape of pulses. For a Gaussian pulse it is 0.44 but 

for a Secant Hyperbolic pulse TBP is 0.318. For a square pulse this value becomes 0.886 [58]. 

The minimum pulse duration obtained from a certain amount of frequency bandwidth is 

known as transform limited duration, is also related to the TBP. Generally, a mode-locked 

laser does not deliver transform limited pulse because of inherent dispersion and non-

linearity-induced chirp acquired while travelling through the medium; however, the pulse 

duration can be reduced by minimizing the chirp outside the cavity by adding dispersive 

elements. A brief discussion on the effect dispersion and non-linearity on the ultra-short pulse 

is presented in section 1.3. 

Active mode-locking: Similar to the active Q-switching an intensity modulator is used 

to build an actively mode-locked cavity. Only difference is that the external modulator is used 

to provide selective gain to the phase locked modes by driving the modulator at the mode-

spacing frequency of the particular cavity. For a cavity with certain length the modulation 

frequency is fixed for active mode-locking [59,60].  

Passive mode-locking: Different from the active mode-locking, passive mode-locking 

does not require any external controlling system to generate pulses. Analogous to the passive 

Q-switching method, a saturable absorber is incorporated inside the cavity which allows high 
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intensity fluctuations to transmit through and suppresses the low intensity noise. Upon 

appropriate feedback that allowed fluctuations shaped into a stable single pulse and circulates 

in the cavity. While circulating the short duration pulse experiences dispersion and non-

linearity of the medium which affects both on the pulse and spectrum. Under a suitable 

condition when the pulse can survive after experiencing all these pulse shaping affect, the 

laser delivers stable mode-locked pulse train. Compared to active mode-locking, passive 

mode-locking mechanism generates pulses of shorter duration and broader spectrum. As 

many parameters comes into play in passive mode-locking, various interesting pulse dynamics 

are also observed. Understanding the root of these non-linear pulse dynamics and finding a 

way to apply them in various applications have become a great field of research [61-63]. 

1.3. Ultra-short pulse propagation in an optical fiber: Mathematically, a 

Gaussian pulse is expressed as 

 

In equation (1.5), P is the peak power,  is the carrier frequency and  is the pulse width. 

C is the chirp parameter. Chirp is defined as the instantaneous frequency, C>0 means the up-

chirp i.e., instantaneous frequency increases linearly from the leading edge to trailing edge; 

and C<0 means the opposite. Sometimes C can be a function of time which corresponds to the 

nonlinear chirp. When an ultra-short pulse propagates through an optical fiber, dispersion 

and Kerr-nonlinearity are two main factors that affects the pulse shaping.  

The pulse propagation through an optical fiber can be studied by solving nonlinear 

Schrodinger equation (NLSE) described as 

 

A is the slowly varying amplitude of the pulse envelope,   is the linear loss,  is the second 

order dispersion,  is the non-linear coefficient. The NLSE is derived from well-known 

Maxwell equations [64].  

1.3.1 Effect of dispersion: As the refractive index of any material depends on the optical 

frequency, light of each frequency component travels with a different phase velocity. The 

waveguide structure also affects the effective refractive index of the guided modes. So, in 
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optical fiber material dispersion and waveguide dispersion are two main contributors of the 

chromatic dispersion. 

Material dispersion: If a pulse with certain width propagates through a medium of and 

refractive index , then time taken by the pulse to traverse L distance is  where   

is the group velocity and 1/  can be written as . is the propagation constant and 

represented as ; So, 

 

Rewriting the above equation in terms of wavelength gives 

 

Now, if the spectral width of corresponding optical pulse is , then each spectral component 

will travel with a different group velocity and as a result the pulse broadens. The broadening 

is given by  

 

The material dispersion is defined as the amount of pulse broadening per unit length of 

propagation per wavelength interval.  and the unit is ps/km.nm. For silica based 

or other type of optical fibers, variation of refractive index with the wavelength is given by 

 becomes zero is known as zero dispersion 

wavelength (ZDW) and for pure silica based fiber ZDW is 1.27 micron. 

Waveguide dispersion: Considering refractive index of core (n0) and cladding (n1) 

independent of the wavelength , the normalized propagation constant for a particular mode 

is given by 
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Where b is the function of V number of the optical fiber. The V number of an optical fiber of 

core radius a is defined as 

 

After a few steps of calculation the inverse of group velocity becomes  

 

The broadening of pulse after propagating L distance is given by 

 

Now, similar to the material dispersion, waveguide dispersion is defined as  . 

Consequently the total dispersion of an optical fiber becomes sum of  and  

 

D is known as dispersion parameter. The second order group velocity dispersion can be 

calculated from dispersion parameter from the formula 

 

It is evident from the definition of waveguide dispersion that by altering core radius and 

refractive index of core,  can be changed in other words total dispersion and ZDW can be 

modified. The second-order chromatic dispersion parameter ( 2) for a standard single-mode 

fiber operating at a wavelength of 1064 nm (Corning, HI1060) is measured at 22.28 ps2/km. 

In contrast, for another standard single-mode fiber designed for operation at 1550 nm, SMF-

28, the corresponding 2 value is determined to be -17.6 ps2/km. These distinct 2 values 

signify the differential chromatic dispersion characteristics exhibited by these fibers at their 

respective operational wavelengths. 

To analyze the effect of dispersion on an optical pulse while propagating down an optical 

fiber, equation 1.6 can be solved by setting linear loss and nonlinear parameter at zero.  
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Where,

Solution of the equation is given by 

This indicates while propagating through an optical fiber, each frequency component 

experiences a certain phase shift which depends on the distance travelled and the frequency 

itself. Although it does not affect the spectrum shape but modifies the pulse shape in temporal 

Figure 1.5: Effect of dispersion on the pulse propagation. (a) Initial pulse and chirp 
profile (b) Final pulse and associated chirp (c) variation of pulse (d) variation of 
corresponding optical spectrum along the length. 

(a) (b)

(c) (d)
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domain. After propagating a distance z, the equation of pulse becomes 

 

A Gaussian pulse of duration T0 can be expressed as  .After propagating 

a distance of z through an optical fiber it becomes 

 

Which signifies although a Gaussian pulse can maintain its shape the duration increases to 

. But if the input pulse is initially chirped, then the final duration depends on 

the initial chirp properties and sign of . By doing some calculations it is found that the 

chirp, .  When the pulse propagates through a normal dispersion 

medium, the final pulse is linearly up-chirped that means lower frequency lights travel faster 

and accumulate at the leading edge. The exact opposite things happen when a pulse travels 

through a medium with anomalous dispersion [65]. 

Considering an optical pulse of certain spectral bandwidth around angular frequency w0, the 

propagation constant b(W) can be expanded by Taylor series expansion as 

 

Figure 1.5 represents the evolution of a transform limited Gaussian pulse (central wavelength 

= 1060 nm, FWHM = 500 fs, Peak power = 100 W) while propagating through a fiber of 

length 50 meter in normal dispersion (HI1060). Figure 1.5(a) is the temporal profile and 

associated chirp of the input pulse whereas figure 1.5(b) depicts the final temporal profile and 

its associated chirp. As the figures interpret, the pulse duration broadens to 8 ps and it 

acquires an up-chirp during propagation. Figure 1.5(c) and 1.5(d) show the evolution of the 

pulse and corresponding optical spectrum along the length. The spectrum remains uniform 

as dispersion does not create new frequencies akin to non-linearity. 
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1.3.2. Effect of nonlinearity: The refractive index of any material changes nonlinearly 

when it is exposed to intense electromagnetic field. In case of silica based optical fiber, the 

modified refractive index becomes 

n is the linear index and n2 is non-linear index coefficient which depends on the third order 

dielectric susceptibility. The nonlinear parameter of an optical fiber at a particular frequency 

is given by , is the carrier frequency, is the mode-field area. To look into the 

effect of nonlinearity on the pulse propagation, equation 1.6 could be solved by assuming a

Figure 1.6: Effect of non-linearity on ultra-short pulse propagation (a) Initial and final 
spectrum (b) Initial and final chirp with temporal intensity profile (c) Evolution of optical 
spectrum & (d) pulse along the length of the fiber

(a) (b)

(c) (d)
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dispersion less and lossless medium. It is noticed that an additional phase term includes with 

the pulse envelope as, . This phase term is called 

nonlinear phase and as the phase modulates because of its own intensity the process is  

known as SPM. By calculating chirp (which is the first order time derivative of the nonlinear 

phase in this case) , we see that SPM induced chirp 

increases as the pulse propagates down the fiber, what this means is new frequency 

components generates continuously as the pulse propagates. As a result, we can notice a 

broadening in the corresponding optical spectrum keeping the pulse shape unaltered, which 

is generally known as SPM-induced spectrum broadening. Near the leading edge of the pulse, 

 is negative which means light of higher wavelength accumulates near the leading edge 

and opposite happens at trailing edge. The effect is similar to the case of positive dispersion. 

So, when an optical pulse travels through a normal dispersive nonlinear medium, there is no 

chance of chirp cancellation. But is case of negatively dispersive medium, dispersion induced 

linear chirp and SPM induced non-linear chirp could get cancelled in appropriate condition 

and as a result the pulse can propagate without altering its shape both in temporal and 

spectral domain, which is known as optical soliton [64-65]. Figure 1.6 shows the effect of 

nonlinearity on the spectrum of an optical pulse of 500 fs duration and 30 W peak power. 

While propagating through 5 meter of HI1060. Figure 1.6(a) is the comparison between 

initial and final spectrum which indicates the optical spectrum broadens during propagation 

due to SPM-induced new frequencies. Figure 1.6(b) presents the initial and final chirp with 

corresponding temporal profile. Figure 1.6(c) and 1.6(d) shows the variation of temporal 

profile and spectrum along the length. As nonlinearity modifies complex phase in the electric 

field, the temporal profile remains unaltered, only the spectrum gets broaden [64-65]. 

1.4. Saturable absorbers: Saturable absorbers are a kind of optical components which 

transmits light of higher intensity by absorbing low intensity components. Figure 1.7 shows 

the effect of saturable absorber on a pulse with noisy background. These components are used 

to favor higher intensity light inside a cavity to promote pulsed operation. The transmittance 

of a SA varies in a non-linear fashion with the intensity of the light.  Alongside the dispersion 

engineering and non-linearity, few parameters of a SA are also responsible for pulse shaping  
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and distinct pulse dynamics. The transmission function of a typical SA is given by the 

following equation [66]

is the modulation depth, defined as the difference between maximum and minimum 

transmittance. is the saturation intensity defined as the intensity where the transmittance 

becomes 1/e time of the maximum value. A linear loss is always present which could not be 

suppressed anyhow and limits the transmittance; known as non-saturable loss, presented as

in the equation 1.21. Another important phenomenon like inverse/reverse saturable 

absorption can happen in a SA by which the transmittance can reduce after a certain intensity

[67-68]. Several nonlinear process like two photon absorption and three photon absorption 

are responsible for this mechanism. In the equation of transmissivity, is reverse saturation 

coefficient. The point from where the transmission starts reducing is called the switching 

Figure 1.7: Effect of a SA on a noisy pulse.

Figure 1.8: (a) Transmission curve of a SA with and without reverse saturation effect 
(b) Transmission curve of an artificial and physical saturable absorber
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point. In figure 1.8(a), the transmission function of two SAs are plotted, of which only one 

have the RSA effect. Other parameters are same for both the SAs; ,  

= 30 %,  = 0.2; 

 SAs can be categorized into two class depending on their working principle. The first class 

is named physical SA which are mainly made of materials in form of thin films, semiconductor 

hetero structures, quantum dots, nano-powders, specialty optical fibers doped with suitable 

materials etc. As physical SAs are made of materials, these are wavelength specific.  The 

mechanism of physical SAs can be explained by looking into the inter-band transition of the 

material. The electrons of valance band absorb photons of appropriate energy and 

accumulates at the conduction band. Initially few electrons decay back to the valance band 

through recombination with material defects. Although the light of low intensity gets 

absorbed the conduction band remains unsaturated. For high intensity light electrons fills the 

higher energy states and the absorption saturates, consequently the material becomes 

transparent for a pulse with short duration. After a certain time, the absorption recovers by 

recombination process. Beside these process materials can possesses two photon absorption 

(TPA) which can induce reverse saturable absorption phenomenon also that can influence the 

pulse dynamics [69]. 

The other class is called artificial SAs which are not really absorbers that absorbs light of 

certain wavelength but architectures which also show non-linear transmittance relying on 

various optical properties of light i.g., polarization, spatial modal distributions, interference 

etc [70-72]. In case of optical fiber based artificial SAs, nonlinear optical loop mirrors 

(NOLM), nonlinear amplifying loop mirrors (NALM), nonlinear absorbing loop mirrors 

(NAbLM) and their combinations are relied on non-spatial interference effects. Working 

principle of Nonlinear polarization evolution (NPE), nonlinear polarization rotation (NPR) 

relies on the polarization of optical field. Multimodal interference (MMI) is also an all fiber 

architecture, working principle of which is based on spatial modal interference. In contrast to 

physical SAs, artificial SAs possesses a transmission curve, transmittance of which varies 

periodically (sinusoid) with the intensity i.e. it has the property of reverse saturable 

absorption by default. However, by modifying cavity parameters like length, polarization 

state, the switching point can be altered. This particular property makes artificial SAs more 

versatile than its counterpart to explore various pulse dynamics in a single cavity. Another 

advantage of artificial SAs is that these can handle much more intra-cavity power that 

physical SAs due to high damage threshold. Although in terms of stability, demand of physical 
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SAs is higher as the performance of artificial SAs are prone to environmental perturbations. 

In recent times, better stability has been achieved from artificial SA based lasers by adopting 

all polarization maintaining fiber architecture [73,74]. Comparison of transmission function 

of physical and artificial SAs is shown in figure 1.8(b).  

1.5. Spectral filter: The purpose of a spectral filter is to allow a portion of the optical 

spectrum for particular use. Although it seems trivial, but in case of ultrafast laser in normal 

dispersion regime, spectral filter becomes an important component to obtain/maintain stable 

state. As in normal dispersion regime, there is no chance of balancing between dispersion and 

nonlinearity induced chirp, by chopping off a part of the spectrum in each roundtrip, a spectral 

filter manages the chirp of the pulse and prevent excessive nonlinear phase accumulation 

[75]. A spectral filter can be present in a cavity in various forms such as FBGs [76,77], fiber 

coupled band-pass filter [78,79], birefringent filter [80,81], interferometric filter [82,83] 

etc. Dispersive elements like gratings are also used as tunable spectral filters[84,85]. The 

limited gain bandwidth of the active medium can also play the role of a spectral filter in certain 

conditions [86,87]. 

1.6. Chirped pulse amplification: Amplification of ultra-short pulse was limited by 

optical wave-breaking and pulse degradation by SRS till the invention of CPA technique 

[88]. In this method, the peak power of the pulse from a  laser is reduced initially by 

increasing the pulse duration to increase the threshold of SRS and reduce SPM-induced phase 

accumulation. This is done by traversing the pulse through a dispersive media and the stage 

stretcher

 stage. In the amplification stage, LMA gain fibers are adopted often to avoid 

nonlinearity [89,90]. After the amplification, the pulse is compresses again by suitable 

compressor

shown in figure 1.9. Even after adequate stretching, sometimes the non-linearity could not be 

avoided during amplification to higher average power; which requires an additional electronic 

setup to reduce the repetition rate of the oscillator systematically. This is known as  

.  
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1.7. Organization of thesis:

This thesis explores the ability, advantages, and disadvantages of four distinct saturable 

absorbers in producing stable pulses of ultra-short duration. Out of these four saturable 

absorbers, two are physical saturable absorbers [fiber saturable absorbers (FSA), 

Semiconductor saturable absorber mirror (SESAM)] and two are artificial saturable 

absorbers [ non-linear amplifying loop mirror (NALM) & Mamyshev regenerator]. It is 

evident that the pulse dynamics observed in these four types of saturable absorbers based 

lasers are different from each other. At last, output from the most stable oscillator is amplified 

via CPA technique. The thesis contains six chapters after this introductory chapter, each 

chapter presenting the outcomes along with possible reasons of different cavity architectures. 

In each chapter, working principle, current literatures and the state-of-the-art of the related 

topic is discussed. The following is a concise overview of each chapter.

Chapter: 02. Aiming to an all-fiber architecture, a fiber saturable absorber is fabricated by 

MCVD method. This chapter contains details of fiber fabrication process and important fiber 

characterizations including linear and nonlinear absorption measurement. The fiber is 

utilized as a saturable absorber in a cavity where an Er/Yb-doped fiber is used as the gain 

medium. It is shown that the FSA has the ability to produced stable Q-switched pulses of

microsecond duration from the cavity but at a sufficient pump power the cavity does not 

transit to the mode-locked state. The performance of the laser is checked by varying the 

length of the FSA. Possible reasons behind the incapability of the FSA to not producing mode-

locked pulse have also been discussed.

Chapter: 03. In this chapter, performance of SESAMs are checked in two different dispersion 

region (all normal dispersion, net normal dispersion managed) at 1064 nm region. The 

cavities are made in linear configuration and a CFBG is utilized for dispersion management 

as well as output coupler. It is observed that SESAMs are capable to deliver stable mode-

Figure 1.9: A schematic of the CPA technique.
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locked state with pico-second pulse duration. Alongside the stable single pulse state, unequal 

multipulse, unstable harmonic and complete chaotic state have been observed from a single 

cavity by influencing the pump power only. Detail characterization of these states are done 

to check spectral and temporal stability. The dispersion managed seed is considered for 

further amplification via CPA technique which is shown in a following chapter. 

Chapter: 04. This chapter contains mode-locked pulse dynamics at nanosecond time scale. In 

a figure-9 cavity the mode-locked has been achieved by utilizing a NALM as an artificial 

saturable absorber; as a new inclusion the cavity contains two amplifiers one in the NALM 

loop and another one in the arm. It is found that both the spectral and temporal properties 

behave oppositely with the pumping strength of the amplifiers. The autocorrelation trace 

confirms the state as an NLP state. No fundamental mode-locked state is obtained from this 

cavity. Possible reasons and solutions are discussed accordingly. 

Chapter: 05. A new architecture of a MO has been proposed where a tunable Lyot filter is 

used as one of the spectral filter. Outcomes of a numerical investigation have been presented 

by solving GNLSE to check the ability of the architecture to generate ultra-short pulse. Other 

types of pulsing states along with the single pulse state have been observed and the attributes 

of each pulsing state has been discussed. 

Chapter: 06. Considering the DMS state as the suitable state, the output power/energy is 

amplified via CPA method. Two different architecture have been adopted in this scheme. In 

the first architecture, the pulse energy is amplified to 160 nJ via two stage amplification, then 

the pulse duration is compressed to 295 fs. Second architecture contains 3 stage amplifier and 

a pulse picking scheme which reduces the repetition rate to 1.09 MHz. Pulse compression is 

not done in this architecture. Pulse energy obtained after the final amplifier is 2 µJ. 

Chapter: 07. This chapter contains the possible future outlooks related to the work done. 
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Chapter: 02 

  

Fiber saturable absorber based Q-switched laser at 
1550 nm 

_____________________________________________ 
Abstract 

This chapter delves into the fabrication and characterization process of a specialty fiber as 

well as working principle of different type of fiber saturable absorbers.  We have fabricated 

an erbium-doped fiber by modified chemical vapor deposition (MCVD) process in 

combination with solution doping technique where erbium is incorporated inside the core via 

solution doping process. Different important characterization of the erbium doped fiber 

including linear and non-linear absorptions are shown and discussed. Finally, the fabricated 

erbium doped fiber is used as a saturable absorber in a cavity where the gain medium is an 

Er/Yb co-doped double clad optical fiber. Performance of the developed Q-switched laser is 

shown in detail by altering pump power and with different length of fiber saturable absorber.   
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2.1. Introduction: To achieve high energy pulses directly from an oscillator, Q-switching is 

the most adopted technique [1-2]. Although Q-switched pulses are achievable via both an 

active method and a passive method, researchers tend to avoid the active method owing to its 

design complexity such as the requirements of an acousto-optic modulator (AOM) and 

additional electronic setup to run the AOM [3]. In the passive Q-switching method, a 

material-based saturable absorber (SA) is inserted inside the cavity which modulates the 

cavity loss periodically as the transmission of the SA depends on the intra-cavity power in a 

nonlinear fashion [4-5]. The thin film- -TMDs, Graphenes, CNTs, 

black phosphorus, and topological insulators [6-11] are widely adopted because of their easy 

fabrication process and good performance. Although researchers have achieved good quality 

pulses by using these materials, use of these materials is limited by their low damaged 

threshold to generate high energy pulses. With that performance of these material-based SAs 

also tends to degrade with time due to oxidation and exposure to heat during performance 

[12]. A great alternative to materials-based SAs are specialty optical fiber-based SAs, which 

have higher damaged thresholds and also they are easier to incorporate inside a cavity to 

maintain all fiber structure which makes the laser more robust in nature [13]. A fiber 

saturable absorber (FSA) is nothing but a single/multi-mode fiber doped with suitable 

material inside its core such that the fiber possesses both linear and non-linear loss at the 

working wavelength regime. The incorporation of such fiber inside a cavity modulates the 

cavity loss periodically which generates repetitive output.  

2.2. Working principle of Fiber saturable absorbers: The main criteria for a fiber to work 

as a SA is to have an absorption band at the emission band of the gain medium that is used to 

form the laser. To work as a superior SA, the absorption cross-section of the FSA should be 

greater than the emission cross-section of the gain fiber [13]. The first ever FSA-based Q-

switched laser was built at 1084 nm where an Nd3+ doped fiber was used as the gain fiber and 

a Cr4+ doped fiber was utilized as the SA element [13]. It is reported that the absorption 

cross-section of the Cr-doped fiber is 5 times larger than the emission spectrum of Nd3+ doped 

fiber at 1084 nm. There are few processes act in the fiber which determines the dynamical 

behavior of the FSAs.  

 2.2.1. High ion pair concentration: During the fabrication of rare-earth doped silica fibers 

if the concentration of active ion goes high, they can appear in a clustered form inside the 

core. This ion pair can exchange energy upon excitation. Upon excitation of the pump, one of 

the ion goes to the excited and another losses energy and decays to ground state which is 
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known as up-conversion; as a result, effectiveness of one ions is lost. Although this process 

limits the performance of the laser or amplifier, these fibers can affect the pulse dynamics of 

the laser due to its unique loss property. In study it is found that heavily doped Er-doped fiber 

and Ho-doped fiber laser shows a self-pulsing behavior [14]. Tm-doped fiber with high 

concentration has been utilized as a SA in an Er-doped fiber laser as the Tm-doped fiber has 

an absorption band at 1550 nm region [15].  

2.2.2. Fiber saturable absorber with non-radiative and radiative transition from excited 

state: As the rare-earth doped fibers have their absorption and radiative emission bandwidth 

at the same wavelength range, they all can be used as a SA at respective wavelength range. 

However, as the absorption band of the rare-earth doped fibers also corresponds to the 

radiative transition, the excited state life-time is expected to be in millisecond region which 

increases the Q-switched pulse duration as a consequence. To overcome the problem an 

interesting method has been adopted where the FSA is placed inside a sub-resonator to reduce 

its lifetime by inducing stimulated emission. In an Yb-doped fiber laser (1050-1080 nm) a 

segment of Bi-doped fiber has been placed by making a sub cavity at resonance wavelength 

1160 nm [16]. Similar configuration is exploited for a Ho-doped FSA; in a laser of Yb-doped 

gain medium lasing at 1125 nm the FSA is placed in another resonator of resonance 

wavelength 2050 nm [17]. 

Beside that some rare-earth materials and most transition metal relax back to ground state 

by non-radiative transition to the host material silica. The process of relaxing is fast in this 

case and fiber containing these ions can perform as SA. Transition metal such a Cr [18], and 

Sm [19] doped fiber has been utilized as SA in Nd and Yb-doped cavity respectively.  

2.2.3. Multi-modal interference: A typical multi-modal interference (MMI) based SA 

contains a passive multimode fiber (MMF) of a particular length spliced between two SMF 

[20]. However new configurations such as introducing graded index MMF or an all-core 

fiber have been being reported to enhance the performance of the laser [21]. In these type of 

architectures, the length of the MMF is the most crucial parameter which is needed to be 

optimized. When the self-imaging length of the high peak power pulse matches with the 

length of the MMF, the pulse gets transmitted and the lower intensity part gets suppressed. 

The transmission curve of a MMI-based laser is sinusoidal in nature having a potential to 

generate various pulse dynamics. Exploiting this technique, several Q-switched and mode-

locked laser at different wavelength region have been developed [22-24]. 
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A list of different specialty FSA and their working wavelength is shown in table 2.1. 

Table: 2.1: Literature related to FSA based Q-switched fiber laser 

Gain medium Dopant of SA Pulse duration ( s) Pulse energy ( J) Ref. 

 Samarium 0.200 27  25 

 Samarium 0.041 70  26 

Ytterbium Titanium 2.55 0.191 27 

 Thulium 2.87 0.080.7 28 

     

 Thulium 0.42 9 29 

 Thulium 0.1 350 30 

 Thulium 7.4 22.8 31 

Erbium Thulium 3.28 0.134 32 

 Thulium 6.94 0.157 33 

 Thulium/Holmium 8.2  34 

 Thulium/Holmium 7.8  35 

 Thulium/Holmium 10.46 0.496 36 

 Samarium 0.45  37 

 Chromium 3.85 0.230 38 

 Erbium 5.32  39 

Thulium Holmium 1.1  40 
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2.3. MCVD process of preform fabrication: MCVD is one of the most used technique of 

optical fibers preform fabrication beside vapor phase axial deposition (VPD), plasma chemical 

vapor deposition etc [41-43]. It has a precise control over the refractive index of the core by 

controlling concentration of different constituent materials. A schematic of the whole MCVD 

set up is shown in figure 2.1.  To start the preform making process, a hollow silica rod of 

suitable inner and outer diameter is inserted in a mechanical lathe. Fluorine gas at suitable 

flowing rate is used to clean the tube. To maintain the uniformity, all the process is done 

under constant rotation of the tube placed in a rotor as shown in figure 2.2(a). Following that, 

a soot layer of constituent materials is deposited inside the tube by flowing halide gases 

through the tube. To make the cladding, layer of SiO2 is deposited only. The porous soot layer 

of SiO2, GeO2 and P2O5 are deposited to increase the refractive index at the core. The source 

of SiO2, GeO2 and P2O5 are gases of SiCl4, GeCl3 and POCl3. These gases are produced by 

bubbling suitable flow of high purity O2 gas into respective liquid solution inside a bubbler

as shown in figure 2.1. After the deposition of the porous soot layer inside the silica tube, such 

porous soot layer is ready for solution doping. Figure 2.2(b) is taken during the soot layer 

deposition. In the solution doping process the active ions are incorporated inside the core 

region of the preform. The silica tube with deposited soot layer is soaked in an aqueous 

solution of required dopants for a 1 hour. With time the solution will be adsorbed in the soot 

Figure 2.1: Schematic of a MCVD setup indicating direction of gas flow
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layer. The tube is again placed in the lathe and heated up at around 8000 c. In this process the 

halide salts are converted into respective oxides. After the oxidation process a gradual heating 

from 1000-19000 c is done to make a transparent layer from the soaked soot layer. At last, the 

collapsing is done at 20000 c.  Functions of different dopants (in oxide form) are listed in Table 

2.2 [44-46]. 

Table: 2.2: Function of passive dopants during fiber fabrication 

Dopants 
name 

Nature Role Linear 
refractive 
index 

Non-
linear 
refractive 
index 
(esu) 

GeO2 Passive Network modifiers; 

Increases refractive 

index, Increases 

rare earth 

solubility 

1.65 45 x 10-14 

Al2O3 Passive Network modifiers; 

Increases refractive 

index, Increases 

rare earth 

solubility 

1.76 16.9 x 10-14 
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Once the preform is ready, the fiber would be drawn from a fiber drawing tower. To control 

the parameters like dispersion, cut off wavelength etc., sometimes the dimension of the core 

needs to be lowered than the determined value. In that case Rod-in-tube method is followed 

to decrease the core: cladding aspect ratio. The fabricated lower dimensional preform rod is 

inserted in a hollow large thickness silica tube of matching inner diameter and then drawn 

fiber from the composite preform rod surrounded by another hollow tube of greater inner 

diameter. Figure 2.2(c) is an end most version from which the fiber will be drawn.

2.4. Erbium doped fiber fabrication: The EFSA is fabricated in the laboratory by the 

MCVD technique. At first, the porous layer of germanium and silica is deposited at 1350 ± 

100C temperature inside a hollow glass tube of inner diameter 17.0 mm and outer diameter 

20.0 mm. An aqueous solution of a mixture of suitable molar concentration of Al(NO3)3.9H2O 

and ErCl3, xH2O is prepared and the tube with porous layer is soaked in the solution for one 

hour. Thus Al2O3 and Er2O3 are incorporated inside the preform. After draining out the 

solution from the tube, the porous layer is air-dried by flowing Nitrogen gas at room 

temperature. By the flow of Oxygen gas at 800-9000 C, the salts are then converted to their 

own oxides. After that, sintering of the layer is done by slowly increasing the temperature 

(a) (b)

(c)

Figure 2.2: (a) Clean silica tube connected on the lathe (b) Developed soot layer inside the 
silica rod (c) A collapsed preform
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from 1300 to 19000 C.  Lastly the tube is converted to a solid preform at the collapsing stage. 

To reduce the fiber core diameter, the preform is then over-cladded by inserting the preform 

inside another hollow tube of inner diameter 12.0 mm and outer diameter 20.0mm. The outer 

diameter of the final preform is 18.75mm. Finally, the EFSA is drawn from a fiber drawing 

tower from the over-cladded preform at 20000.

2.4.1. Fiber characterization: The microscopic image and the refractive index profile has 

been measured to get an insight about the fiber dimension and numerical aperture. Figure 

2.3(a) shows the cross-sectional view of the EFSA, the core and cladding diameter are 11.7 

m and 123.9 m respectively. To check the doping concentration of the material inside the 

core EPMA of the EFSA is performed. Concentration of different materials along the core 

diameter are shown in figure 2.3(b) which shows EFSA contains 3.75 mol% Al2O3, 0.57 mol% 

Er2O3, and 2.6 mol% GeO2 inside its core. The RI profile is shown in figure 2.3(c) and the NA 

Figure 2.3: (a) Cross-section of EFSA (b) Electron probe microscopy analysis of the EFSA to 
check the distribution of different dopant levels along the fiber diameter (c) Refractive Index 
profile of the EFSA (d) Linear absorption curve of the EFSA

(a) (b)

(c)
(d)
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is found to be 0.13.  Figure 2.3(d) depicts the linear absorption curve which shows the 

absorption at 976 nm is around 10dB/m and 15 dB/m at 1550nm equivalent to the presence 

of 5700 ppm of Er2O3.

The non-linear transmission of the EFSA at 1556 nm is measured by twin-detector method 

[47]. A lab made femtosecond laser at 1556 nm is utilized to perform this test. The laser 

delivers 760 fs pulses at a repetition rate of 25 MHz. The schematic setup to perform this 

experiment is shown in figure 2.4(a). To record data, the optical power is varied by a variable 

optical attenuator (VOA) and output power from two ends are enlisted.  As our aim is to use 

the fiber as a SA, the transmissivity of the fiber is expected to increase with the intensity 

following equation-1.21. Figure 2.4(b) depicts the non-linear transmission curve of 30 cm of 

EFSA. We have fitted the obtained data with equation-1.21. From the fitted curve we find 

(a)

(b)

Figure 2.4: (a) Schematic of Twin detector setup to measure nonlinear transmission (b) non-
linear transmission curve of 30 cm of EFSA
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that the modulation depth is 21 %. The saturation intensity and non-saturable loss are found 

to be 3.98 MW/cm2 and 54.32 % respectively. 

2.5. Design and performance of Q-switched fiber laser using an erbium doped fiber 

saturable absorber:

2.5.1. Experimental setup: Figure 2.5 represents the schematic of the Q-switched laser 

designed by using the erbium doped fiber as a SA. To make the laser, an Er/Yb co-doped 

double clad fiber of length 2 meter is used as the gain medium in cladding pumping scheme. 

The gain fiber is pumped by a multimode laser diode of 976 nm wavelength through a pump 

combiner. After the gain fiber a cladding mode stripper (CMS) is utilized to extract the excess 

pump. A polarization-insensitive isolator (PI) is connected after the CMS to ensure the 

unidirectional circulation of light. A 90:10 fiber coupler is used after the PI and the 90% port 

served as the feedback to the signal port of the pump combiner. Different length of EFSA is 

spliced between the coupler and the signal port of the combiner to check the Q-switching 

ability. The cavity length is about 6.5 meters without considering the length of EFSA. 

Measurements at spectral domain are performed by an optical spectrum analyzer 

(YOKOGAWA A6319). Temporal measurements are done by the combination of a 2.5 GHz 

Oscilloscope (Tektronix-DPO7254C) along with a fast photodiode (5 GHz, Thorlabs).

Figure 2.5:  A schematic of the experimental setup; EFSA: Erbium fiber saturable absorber; 
CMS: Cladding mode stripper; MM-LD: Multimode laser diode
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2.5.2. Results: The cavity is first checked in simple ring configuration without incorporating 

the FSA. As the laser crosses the CW threshold of pump power, 600 mW, a spectrum with 

multiple peaks are seen in OSA. The emission wavelength is not fixed but always in a range 

between 1595-1615 nm. With time position of the peaks are shifting as there is no wavelength 

selective components like a band-pass filter. Emission at higher wavelength indicates a 

minimal presence of loss in the cavity. A spectrum at 900 mW of pump power is presented in 

figure 2.6(a).  As the spectrum is broad in nature, several number of longitudinal modes are 

excited and the mode-hopping among those modes because of the gain competition causes a 

random pulsing. By looking into the oscilloscope, pulses of very low intensity are detected. A 

snapshot of oscilloscope is presented showing the presence of low intensity pulses in figure 

2.6(b).

To check the Q-switching ability, 30 cm EFSA is connected in the cavity as shown in figure 

2.5. The performance of the laser is also checked by varying the length of the EFSA in the 

range of 20 cm to 60 cm. In the next two sub-sections all the obtained outcomes are presented.

2.5.2.A: Performance of the EFSA with pump power at a fixed length: After connecting 

the EFSA, at lower pump power the output pulses are not stable because of insufficient gain 

in the cavity. Low intensity pulses with random time interval are spotted in the oscilloscope.  

As the pump power is increased to 1.2 W the pulse train stabilizes. Being aware of the optical 

damage threshold of other components (mainly isolator), the maximum pump power is kept 

(a) (b)

Figure 2.6: (a) Spectrum of the laser in CW condition (b) Oscilloscope snapshot shows the 
presence of low intensity pulses
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at 2.4 W. The output pulse train below 1.2 W (unstable) and above 1.2 W (stable) are shown 

in figure 2.7.

Figure 2.8(a) depicts the output spectrum of the laser with central wavelength at 1565.9 nm. 

With the increment of the pump power, the spectral bandwidth broadens slightly from 1.36 

nm to 1.52 nm. During the pump power increment, no spectral or temporal instability has 

been observed. At the stable region, the pulse width decreases with the pump power whereas 

the repetition rate has been noticed to be increasing as shown in figure 2.8(b), which is a key 

property of any passively Q-switched laser [48]. At the starting of the stable pulsing, the 

pulse duration is 2.25 µs with a repetition rate of 23.64 kHz. Next by increasing the pump 

power to the highest value, 2.4 W, the laser delivered pulses of minimum pulse width and a 

maximum repetition rate which are 1.87 µs and 38.27 kHz respectively. In figure 2.8(c), four 

pulse train recorded at different pump power have been presented in equal time span to show 

the change in repetition rate. Figure 2.8(d) depicts the change of pulse width with the 

variation of pump power. RF spectrum of the laser at 2.4 W pump power has been shown in 

figure 2.8e. The signal-to-noise ratio at the fundamental frequency is approximately 58 dB 

(Inset of figure 2.8(e)). Variation of the output power and pulse energy with pump power has 

been presented in figure 2.8f. It is found that the average power and pulse energy increases 

linearly with the pump power. The maximum average power and maximum pulse energy 

obtained from the laser are 74.6 mW and 1.95 µJ respectively at 2.4 W pump power. As shown 

in figure 2.8c, the gap between consecutive pulses are noticed to be 26.1 µs at 2.4 W of pump 

power. The standard deviation from the mean peak intensity (0.97) has been measured to 

check the pulse to pulse intensity fluctuation which is found to be 1.9 %. 

Figure 2.7: Unstable (above) and stable (below) Q-switched pulse train
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2.5.2.B: Performance of different length of EFSA at maximum pump power: The 

performance of the laser has been checked by varying the length of the EFSA at the maximum 

pump power of 2.4 W.  Five different lengths varying from 20 cm to 60 cm has been connected 

Figure 2.8: (a) Output spectra at different pump power (b) Variation of repetition rate and pulse 
duration with pump power (c) pulse train showing the variation of repetition rate (d) Intensity profile 
of single pulse to indicate pulse width variation (e) RF spectrum at maximum pump power of 2.4 
Watt. (f) Variation of output power and pulse energy with pump power

(a) (b)

(c) (d)

(e) (f)
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in the cavity.  Stable Q-switched pulse train has been appeared almost at pump power of 1.2 

W at each cases. It has been observed that as the length of EFSA is increased the pulse width 

and repetition rate at maximum pump power decreases. Figure 2.9(a) represents the variation 

of pulse width and repetition rate with the length of the EFSA. Although the average power 

decreases with the increment of the length, it is worth observing that the single pulse energy 

tends to increase. As the length varied from 20 cm to 60 cm, the single pulse energy increases 

from 1.6 J to 2.81 J. Variation of average output power and pulse energy has been shown 

in figure 2.9(b).

Table 2.3: Variation of Pulse width, repetition rate and pulse energy at different length of EFSA

Length of EFSA (cm) Pulse width ( S) Repetition rate (kHz) Pulse energy ( J)

20 1.91 47.0 1.60

30 1.87 38.1 1.95

40 1.56 33.0 2.21

50 1.44 28.3 2.50

60 1.36 24.8 2.81

2.6: Conclusions: To put the work briefly, an erbium doped fiber has been fabricated by 

MCVD process in combination with solution doping technique and important 

characterizations have been done. It is found that the fiber has a non-linear transmission 

Figure 2.9: (a) Variation of repetition rate and pulse width with the length of EFSA (b) Variation of 
output power and pulse energy with the length of EFSA

(a) (b)
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property which is appropriate to serve as a saturable absorber. Then the fiber is utilized in an 

Er/Yb co-doped gain fiber based cavity as a saturable absorber. The cavity delivers stable Q-

switched pulses at different length of SA. Maximum energy per pulse extracted from the 

cavity is 2 uJ. The study also confirms that FSA may not be a good choice to generate mode-

locked pulse as the life-time of the rare-earth atoms are sufficiently large.  
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Chapter: 03 

 

State transition SESAM-based mode-locked fiber 

lasers at 1064 nm 

_____________________________________________ 

Abstract 

This chapter delves into the performance SESAMs in generating ultrashort pulse out of a 

fiber laser. As the property of the state of a laser depends on various controlling parameters 

e.g. gain, linear and nonlinear loss, dispersion, birefringence, Kerr-nonlinearity; the combined 

effect of all these parameters often leads the laser to a chaotic or quasi-stable state. Often 

these transitions happen via some extreme events in ultra-short time span which cannot be 

captured by traditional measuring instruments because of their limited response time. 

However, novel approaches like dispersive Fourier transform (DFT), time lensing allows us 

to look into such random and ultra-short events in real time. In this chapter, the presence of 

chaotic state with extreme pulsation and their attributes has been presented for an all-normal 

dispersion and a net normal dispersion laser. We have observed that the reason behind the 

state transition are different in two cases. The spectral instabilities have been diagnosed by 

performing DFT and temporal amplitude fluctuation has been measured by looking into the 

RIN spectrum of the laser. 
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3.1. Introduction: Being a system with complexity, mode-locked lasers shows extreme 

complex behaviour relying on a combine effects of the controlling parameters. As the 

interplay among these factors determine the final state of the laser, any change of their values 

from a certain range often shifts the result from a steady state solution to a certain state that 

contain rich nonlinear dynamics making it worthy to explore. Net cavity dispersion of the 

laser plays the important role in pulse shaping and depending upon the amount of dispersion 

the steady state solutions of a mode-locked laser can appear in form solitons [1], dissipative 

solitons [2], dispersion managed solitons [3] and similaritons [4]. They all have their 

individual attributes which are advantageous for any specific application. As stated in the first 

chapter, the non-linear transmission of a saturable absorber also plays a key role in pulse 

shaping and stabilization. Apart from the saturable absorber, spectral filtering is also a 

process which induces energy dependent non-linear loss in a cavity and comes into play in 

stabilizing pulses at positive dispersion regime. The bandwidth and 

transmissivity/reflectivity of the spectral filter are the two parameters which affects the laser 

output. Combine effect of all these factor decides the properties of final state. All most all the 

laser possesses more than one stable solution which can be a multi-pulse state [5], higher 

order harmonic state [6] or a state bound pulse state where two pulse are strongly attached 

[7]. Transition between these state happens through extreme dissipative events like soliton 

explosion [8], rouge waves [9] or via weak/severe periodic pulsation [10]. Sometimes these 

intermediate state can be completely chaotic state without holding any nature of periodicity 

or reconstruction [11].  All these states are found as the solution of extended version of 

GNLSE known as cubic quintic generalised Landau equation (CQGLE) [12]. Although, a 

stable single pulse state is highly desirable from a laser for most of the application, researchers 

have found modern day applications of these extreme events in different field such as secure 

communication [13], random number generation [14] owing to their broad spectral 

bandwidth, random behaviour and incoherence.  

3.2. Stable states of mode-locked fiber laser: Mode-locked laser systems deliver different 

kind of pulses which have distinguished spectral and temporal properties.  The net cavity 

dispersion (NCD) is the main parameter that contributes in pulse shaping along with non-

linearity. The states are classified into distinct category depending on the NCD. Brief of each 

category is described in this section. 

3.2. A. Conventional solitons: In the realm of optical pulse propagation in anomalous 

dispersion regime if the dispersion induced chirp get balanced by the nonlinear chirp, the 
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pulse can propagate  

solution of NLSE in a negative dispersive medium with secant 

hyperbolic shape [16]. The first development of fiber laser is based on an Erbium doped gain 

fiber so that both the gain fiber and passive fiber have negative dispersion at 1550 nm range. 

As the periodic gain and loss come into play in a laser, the solutions of the laser are actually 

average solitons. The output spectrum contains several peaks around a secant hyperbolic 

shaped spectrum which arises because of the interaction between solitons and dispersive 

 energy of a single soliton is limited by the soliton 

area theorem such that a specific medium with certain values of dispersion and nonlinearity 

can support a soliton of definite energy [18]. Driving the laser to obtain more single pulse 

energy will end up generating multiple pulse per cavity roundtrip through several 

instabilities [19-20].  

3.2. B. Dispersion managed solitons: Tamura et. al. proposed that by placing a fiber with 

positive GVD inside a cavity working in anomalous dispersion, the single pulse energy could 

be enhanced significantly. While circulating with in the cavity, in the normal dispersive fiber 

the pulse will be broaden significantly which will reduce its the average peak power and as a 

consequence the pulse will acquire lesser non-linear phase shift compared to a pulse of near 

transform limited duration [21]. By this process the cavity supports pulses of higher energy 

and broader duration in contrast to a soliton. However, the pulse is compressible near to its 

transform limited width outside the main oscillator by using dispersive delay lines. The 

output pulse attributes depend on the net cavity dispersion such as the pulse takes Sech- 

hyperbolic shape if the net GVD is highly negative and Gaussian shape if the net GVD is near 

zero or slightly positive. At 1-micron region, dispersion management is done by employing 

CFBGs, photonic crystal fibers or free space delay lines inside the cavity, whereas dispersion 

shifted active and passive fibers are used at 1550 nm and 2 µm region for this purpose [22-

24]. 

3.2. C. Similaritons: It was found theoretically that a parabolic pulse with linear chirp profile 

can propagate through a normal dispersive fiber without any deformation in the shape 

(maintain the parabolic shape) and which is verified later in an experiment by Fermann et al. 

[25- is found that any 

pulse with arbitrary shape can evolve to a parabolic shape when propagate through a normal 

dispersive gain fiber and after that the pulse get the property of similaritons, known as 

27]. The properties of evolved pulse depend on 
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the properties of input pulse & optical fiber. Unlike solitons in anomalous dispersion fiber, 

spectrum of similariton broadens during propagation in normal dispersive fiber. So, some 

modifications are necessary to stabilize the similariton solution inside a cavity.  It is soon 

realized that a mode-locked cavity with dispersion map also support similariton in specific 

position within the cavity. A passive fiber segment of negative dispersion fiber is placed after 

a normal dispersive gain fiber such that the fiber with negative dispersion support soliton and 

keeps similariton stabilize in the gain fiber in each roundtrip [28]. It is also reported that a 

laser built with all normal dispersion configuration can also deliver similariton after 

appropriate spectral filtering [29]. 

3.2. D. Dissipative solitons: After the development of soliton, stretch pulse and similariton, 

it was clear that compensation of GVD-induced chirp is required for to stabilize a mode-

locked laser. So, at wavelength regime of 1 micron where both active and passive fibers 

provide positive dispersion, in other words the net cavity dispersion would be sufficiently 

high, the chirp compensation was imposing a restriction. In the year 2006, Chong et. Al. have 

showed that by using a spectral filter of appropriate spectral bandwidth, total chirp can be 

compensated in each roundtrip and high energy stable mode-locked pulses can be produced 

[30]. While propagating through normal dispersive fiber, temporal and spectral width 

increases as it gains large SPM-induced nonlinear chirp which accumulates near the wings of 

the pulse. But as the pulse passes through the spectral filter, it trims the pulse and shapes the 

temporal profile by shortening the width. In contrast to solitonic regime where GVD induced 

chirp get compensated by the nonlinear chirp, an additional dissipative pulse shaping 

procedure (along with gain & loss) is required to stabilize the pulse in normal dispersion 

regime. Numerical and experimental research conducted on dissipative solitons confirms that 

nonlinear phase, filter bandwidth and total GVD are three key parameters which play key 

role in pulse shaping of dissipative solitons. Dissipative solitons exhibit steep-edged 

rectangular shaped because of its strong nonlinear chirp [31] which also make them highly 

compressible outside the cavity.  

3.3. Extreme events in mode-locked fiber laser: Solitons which are the static 

solution of NLSE, are also a local wave packets in a conservative system. On the other hand, 

other stable states are a dynamic fixed point attractor in dissipative systems. Beyond fixed 

point attractor, mode-locked laser possesses other stationary solutions like multi-pulse state 

and harmonic mode-locked states. Transition between stationary solutions can happen by 

influencing the gain, birefringence in experiment.  It is found experimentally and also as the 
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solution of CQGLE that in the route of transition, a dissipative system can go through various 

nonlinear dynamics such as bifurcations, explosions, chaos and severe extreme events like 

rouge waves [32-35]. Among these, soliton explosions are probably most reported events 

where the soliton spectrum experiences sudden collapse and after a few roundtrips it restores 

owns integrity. During the explosion, a temporal shift of the pulse is also observed which 

makes them recognizable in combination with spectrum collapse [36]. Soliton explosion can 

Soliton explosions are observed in all type of saturable absorber based lasers. Although the 

origin of explosions in still elusive, mostly it is observed during the transitional regime of 

different stationary states. Soliton collision induced explosions can happen during the 

creation or annihilation of extra soliton when the cavity starts to support multiple solitons in 

each roundtrip [38]. 

Unlike soliton explosions, which are transient events, breather/pulsating solitons are a type 

of coherent but dynamical solution whose energy oscillates in space or time [39]. Akin to 

stationary solitons, breather can present as a bound state, where multiple soliton sustains in 

molecule form. Breathers can appear both in conservative and dissipative system and are 

related to Fermi-Pasta-Ulam recurrence [40]. Breathers have been identified both in passive 

mode-locked laser and micro-resonators. The dynamical evolution of breather/breather 

molecules in short time scale have been presented in several literatures [41-43]. The breather 

can arise during the transition to CW to mode-locked or between N and (N+1) th state. 

Extreme breathing is also found in the transitional regime between two stable point in mode-

 

Rouge waves are high amplitude waves which appears suddenly, first named in Oceanology 

and later, RWs are identified in the field of optics [45]. Presence of RWs are verified by 

observing their L-shaped histogram pattern [45]. RWs are first identified during 

supercontinuum generation where the fluctuations are induced by modulation instability 

[46]. It is found that soliton collision, soliton explosion also can induce RWs in mode-locked 

laser system. RW induced by interaction of soliton in chaotic multipulse regime are reported 

in literatures [47]. These sudden fluctuations are also observed during the Raman conversion 

in long length cavities [48].  

3.4. Effect of spectral filtering in state transition: Other than the conventional 

solitonic regime where the dispersion induced chirp does not get balanced by the SPM-

induced chirp, spectral filtering plays a crucial role to stabilize the pulse in each roundtrip. 
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When propagating in a normal dispersive medium, a pulse experience optical wave-breaking 

after accumulating a significant amount of nonlinear phase; then a spectral filter of certain 

bandwidth is required to chop off excess chirp and maintain the pulse stability. So, a spectral 

filter becomes an important dissipative component while constructing a laser in ANDi regime. 

In case of a dispersion managed soliton, intra-cavity spectral breathing and subsequent pulse 

traits induced by periodically placed components of opposite dispersion often gets affected by 

the filter bandwidth present in the laser. It is also experimentally proven that the transition 

between similariton and dispersion managed soliton depends on the filter bandwidth [29]. 

A spectral filter can present in different form inside a cavity like a birefringence filter, 

interferometric filter, dispersion managed elements like CFBGs and wavelength specific 

physical spectral filter. But by default, in all laser gain bandwidth of the gain medium also 

plays the role of a spectral filter and those pulses which are shaped by gain bandwidth are 

known as gain guided soliton. As the higher energy pulses feature higher spectral bandwidth, 

these pulses go through higher loss during spectral filtering and as a consequence maximum 

single pulse energy is often limited by the bandwidth of the spectral filter [49]. Further 

increment of the gain to obtain higher energy pulses than a certain value leads the laser to 

multi-pulsing instability. The number of pulse per roundtrip can increase one by one or can 

increase randomly depending on other factors. The transition from N pulse state to an N+1 

pulse state goes through an intermediate chaotic state [50]. Spectral filtering induced RWs 

have also been observed in mode-locked lasers [51] where a narrow band spectral filter is 

used to form a dispersion managed cavity. 
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3.5.A State transition in an all normal dispersion cavity at 1064 nm

A complete chaotic state is found near the transitional regime between stable single pulse 

state. Then the laser goes to an unequal multi-pulse state followed by an unstable harmonic 

mode-locked state. Spectral and temporal properties of each state is shown in this section. 

Cavity architecture: The cavity is built in a linear configuration by utilizing a SESAM and 

a CFBG as two end mirrors. The SESAM acts as the mode-locker and the CFBG is used in 

- -

bandwidth of 9.8 nm with 40 % reflectivity and adds +0.21 ps2 GVD to the cavity. The fiber 

coupled SESAM has a modulation depth of 8 % and relaxation time of 500 fs (BATOP, SAM-

1064-13-500fs). A lab-fabricated Yb-doped fiber of length 1.1 m is pumped through a WDM 

by a single mode laser diode of 976 nm wavelength. The core diameter of the rare-earth doped 

fiber is 6.4 micron and the NA is 0.14. All other fibers are commercially available HI1060 

fiber made of corning. Total cavity length is 3.9 m with a net cavity dispersion 0.39 ps2. The 

schematic of the cavity is presented in figure 3.1. To perform the DFT, 10 km of G.652 fiber 

is used which have second order dispersion of -38.41 ps/nm-km at 1064 nm. 

The average output spectrum is recorded via an optical spectrum analyser (YOKOGAWA: 

AQ6319). The temporal characteristics are measured by the combination of 5 GHz (Thorlabs: 

DET08C/M) photodiode and 2.5 GHz oscilloscope (Tektronix: DPO7254C). Only the single 

pulse is captured by a 30 GHz photodiode (Thorlabs: DXM30AF) and 20 GHz oscilloscope 

(Tektronix: DPO72004C).

Figure 3.1: Schematic of the fiber laser in all normal dispersion condition
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Spectral characteristics: The CW lasing with a sharp peak is appeared at a pump power of 

42 mW. Figure 3.2(a) represents the CW spectrum. When the pump power is reached 92 

mW, 

stable mode-locked pulse train is displayed in the oscilloscope. Transition from CW to stable 

mode-locked occurred via fluctuation in time domain which is discussed in the following 

section. The stable mode-locked spectrum has a shape of steep-edged rectangular shape with 

a 3-dB and 10-dB bandwidth of 1.6 nm and 2.1 nm respectively at 92 mW of pump power. 

Figure 3.2: Spectrum at different pump powers showing the evolution of spectral shape 
throughout the experiment. (a) CW (b) stable single pulse state (c) chaotic instability (d) 
unequal multi-pulse (e) unstable harmonic state

(a)

(b) (c)

(d) (e)
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With the increment of the pump power, the 3-dB and 10-dB spectral width increases slightly 

but as soon as the pump power reached 117 mW, the shape of the spectrum suddenly changes 

to near trapezoidal shape with significant temporal instabilities in the time domain. Figure 

3.2 (b) represents the spectrum of the stable state and 3.2(c) depicts the spectrum of the state 

with severe temporal instabilities. This state with instabilities sustain almost up to pump 

power of 140 mW and after that the spectrum recovers its original shape. But at this instant, 

a pulse of lower amplitude is noticed just beside the main pulse. This state is diagnosed by 

- -

also obtained by increasing pump power only. This state has the repetition rate as double of 

the stable single pulse state and contains moderate amplitude modulation in the temporal 

domain. The spectrum takes the trapezoidal state similar to the chaotic state in this regime. 

Spectrum at 144 mW and 168 mW is presented in figure 3.2(d) and 3.2(e) respectively 

-

not increased further because of the maximum limitation of the pump diode. In next section 

temporal properties of each state is described. 

Temporal features: The transition from CW to stable mode-locked state occurs via a large 

intensity fluctuation in temporal domain as shown in figure 3.3 (a). The transition regime has 

an oscillating nature similar to a Q-switched mode-locked state for a short time span after 

that the stable single pulse state is attained. A long pulse train of the stable state is presented 

in figure 3.3 (b). The time gap between two consecutive pulses is 37.5 ns corresponding to 

26.65 MHz repetition rate. The FWHM of a single pulse is 52 ps. As the total dispersion is 

highly positive, the pulse is expected to be highly chirped. A single pulse is presented in figure 

3.4(a) showing a smooth temporal profile. The RF-spectrum has a SNR greater than 54 dB 

indicating a good stability in time domain. Figure 3.4(b) depicts the RF-spectrum of the stable 

single pulse state having a fundamental frequency of 26.65 MHz. 
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As the pump power reaches 117 mW, the stable state drives to a state that contains random 

temporal instability. A long pulse train containing 500 consecutive pulses of the chaotic state 

Figure 3.3: (a) Starting of mode-locked state from complete CW (b) Long pulse train 
showing the stability of stable single pulse state 

(b)

(a)

Figure 3.4: (a) Temporal profile of a stable single pulse with pulse duration of 52 ps. (b) RF-
spectrum of the stable state with fundamental frequency of 26.65 MHz.

(a) (b)
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is shown in figure 3.5 along with a stable pulse train of same time span for better visualization.  

Looking into the temporal profile of single pulse we have found that every pulse has a random 

broken shape and random amplitude. Four consecutive pulse recorded in same condition is 

shown in figure 3.6(a).  Although the repetition rate has not changed, the RF-spectrum 

contains a sign of presence of this severe amplitude modulation. The RF-spectrum contains 

few side-lobes around the fundamental frequency which is shown in figure 3.6(b).

This chaotic instability continues to 140 mW of -

state is achieved.  The temporal profile of the multi-pulse state is shown in figure 3.7(a). It 

can be noticed that another pulse of slightly lower amplitude is now present at a time gap of 

Figure 3.5: Long pulse train containing 550 consecutive pulses of both the chaotic and stable 
state

Figure 3.6: (a) Temporal profile of single pulse at fixed pump power in the chaotic state (b) 
RF-spectrum around the fundamental frequency at the chaotic state showing the presence of 
instability

(a) (b)
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6.4 ns around the main pulse. The corresponding RF-spectrum also contain the information 

Figure 3.7: (a) Temporal profile & (b) RF-spectrum of the unequal multi-pulsing state

(a)

(b)

Figure 3.8: (a) Comparison of pulse train between harmonic and fundamental mode-locked state 
(b) Comparison of RF-spectrum between harmonic and fundamental mode-locked state

(a) (b)
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of multi-pulsing as it has a modulation frequency of 159 MHz which is same as the inverse of 

the time gap between two attached pulses. The RF spectrum of this state is obtained by 

performing FFT on a long pulse train because of software issue in the oscilloscope which is 

shown in figure 3.7(b). However, the multi-pulse state does not sustain for a long pump 

interval and it . The transition pump power is 

not same at each time we repeat the experiment. A long temporal profile of the harmonic state 

is presented in figure 3.8(a) along with the fundamental mode-locked state for better 

visualization. In a similar way the RF-spectrum of both the state is also shown in figure 3.8(b). 

DFT analysis of the stable and chaotic state: In case of chaotic regime although there is a 

significant amount of instabilities in the temporal domain, the averaged spectrum is smoothed 

throughout the experiment (figure 3.2(c)). No other fluctuation or spectral sidebands are also 

noticed. To look into the spectral evolution in each roundtrip, we have recorded 3330 

consecutive pulses recorded from DFT. Figure 3.9(a) depicts 3330 spectrum of consecutive 

roundtrips when pump power is 110 mW corresponding to stable single pulse state. The 

intensity bar plot interprets that the amplitude of spectrum is stable over each roundtrip. 

Transition to the chaotic state is recorded at 116 mW of pump power which is presented in 

figure 3.9(b). It is clearly visible from the plot that the spectrum contains an intensity 

fluctuation after 3300 roundtrips approximately. The lower intensity part of the spectrum 

also gets broaden after the transition because of the shape change. Figure 3.9(c) represents 

shot-to-shot spectral evolution of the chaotic state. It is seen that akin to the temporal profile 

of single pulse of each roundtrip, the spectrum also cannot preserve its amplitude. The 

spectral evolution of the chaotic state is not similar to any kind of breathing soliton which 

contains periodic nature over roundtrips. There is no clear nature of soliton explosion also. 

This state can be classified to a purely chaotic state between two stable solutions.

Figure 3.9: Shot-to-shot spectrum evolution of the (a) stable single pulse (b) during transition to 
chaotic state & (c) complete chaotic state 

(a) (b) (c)
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Hysteresis between Chaotic and mode-locked state: Transition between chaotic state to 

unequal multi-pulse state and unequal multi-pulse to unstable harmonic state does not occur 

at any particular pump power. It is found by performing the experiments multiple times that 

chaotic-to-multipulse state occurs within broad range of pump power between 138 mW to 

150 mW and multipulse-to-harmonic state occurs between 155-163 mW. But an interesting 

phenomenon observed near the transition of stable mode-locked and chaotic state. When 

increasing the pump power, transition to mode-locked state from the CW state occurs at 95 

± 2 mW and the transition from mode-locked state to chaotic state happens at pump power 

Figure 3.10: (a) Variation of 10-dB spectral width with the pump power showing the 
presence of hysteresis between stable single pulse and chaotic state (b) variation of average 
power and pulse energy with pump power 

(b)

(a)
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of 116  ± 3 mW. But while reducing the pump power, transition from chaotic state to mode-

locked state continues almost to 98 ± 4 mW. Then the same thing happens near the transition 

of mode-locked to CW state. The stable mode-locked state continues to almost 80 mW. This 

phenomenon is known as hysteresis of pump power. Hysteresis in mode-locked lasers between 

to multi-pulse (N and N+1) are reported in several literatures [52-53]. Figure 3.10(a) depicts 

the variation of 10-dB spectral width and pump power both during increment and decrement 

of pump power to show the presence of hysteresis. The sudden increment of 10-dB spectral 

width depicts the transition to chaotic state. As the state transits to multi-pulse state the 10-

dB width decreases again by recovering the rectangular spectral shape. Figure 3.10(b) shows 

the variation of average output power and pulse energy with pump power showing different 

operational regime. The pulse energy of the multi-pulse state is the energy associated with 

two attached pulse. As the state goes to harmonic state the pulse energy decreases again to 

stable pulse state value.   

Discussion: In this whole study, the transition among different state in the ANDi-laser is 

happened by influencing the pump power or energy supply to the cavity. Similar to 

conventional solitons whose energy is quantified by soliton area theorem, a stable dissipative 

soliton can also carry a certain amount of energy as presented in literature [54]. The 

dissipative soliton also tries to in stable form by shedding extra energy in form of dispersive 

wave. The chaotic state arises due to the interaction between stable soliton and the dispersive 

wave [55]. This state is like a non-stationary solution which is only observable between to 

stable solution. This type of intermediate chaotic state is found experimentally and predicted 

theoretically in dissipative systems [56-57]. Further increment of energy leads the laser to 

the multi-pulse state, when the intra-cavity energy becomes sufficient to support another 

pulse of lower energy in each roundtrip. The multi-pulse state tries to go another stable 

pulsing state to recover single pulse energy when additional energy is supplied.  

 

 

 

 

 

 



61 | P a g e

3.5.B. State transition in dispersion managed cavity at 1064 nm

A dispersion managed oscillator is constructed by utilizing a CFBG in negative dispersion 

configuration. The cavity architecture is similar to figure 4.1. But in the cavity, the CFBG is 

replaced by another CFBG which has a 3-dB bandwidth of 18 nm around 1064 nm with 

reflectivity of 25 %. The SESAM is from BATOP with a modulation depth of 25 % (SAM-

1064-40-9ps). Total cavity length is nearly 5.9 m with gain fiber length of 90 cm and net 

cavity dispersion is approximately 0.048 ps2.  For the characterization same instruments as 

previous experiment are used. For the intensity noise measurement, a photodiode of 15 MHz 

bandwidth and a radio frequency analyser (RSA5300B, Tektronix) is used in experiment. A 

variable optical attenuator is used to keep the average power same at all state during noise 

characterization.

The CW lasing threshold of the laser is 75 mW which is slight higher than the previous case 

mainly because of lower reflectivity of the CFBG. As the pump power reaches 102 mW, a 

stable mode-locked state with broadband rectangular spectrum is obtained. At this instant 

the 3-dB and 10-dB spectral widths are 10.2 nm and 11.8 nm respectively. With the increment 

of the pump power both 3-dB and 10-dB width increases but as soon as the pump power 

reaches 115 mW, some unstable sidebands around the spectrum is noticed and with further 

increment of pump energy the spectrum changes its shape near to a trapezoid. From 115 mW 

of pump power, a significant amount of fluctuation is noticed in the temporal domain. The 

variation of spectral shape at different pump power is shown in figure 3.11(a). The variation 

of 3-dB and 10-dB spectral width is presented in figure 3.11(b). It is seen that after the 

transition the 3-dB width reduces slightly and the 10-dB width increases because of the shape 

change of the averaged spectrum.

Figure 3.11: (a) Variation of shape of the spectrum at different regime (b) Variation of 
spectral width with pump power

(a)
(b)
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Figure 3.12(a) shows the long length of consecutive pulses of both the stable and chaotic state. 

It is evident from the figure that the temporal domain contains significant amount of intensity 

fluctuation in the chaotic state. Alongside that we have measured RIN at both state which is 

shown in figure 3.12(b). In the stable mode-locked state the RIN is in the level of -132 dBm 

around 100 kHz. A peak is noticed 110 kHz which is because of the relaxation oscillation of 

Yb-ions. But as the state goes to the chaotic state, the noise level increases almost to -105 

dBm due to random amplitude fluctuation in each roundtrip. To look into the shot-to-shot 

spectral evolution DFT is performed. Figure 3.13(a) shows the spectral evolution of the stable 

mode-locked evolving steadily with no amplitude or shape fluctuation. Figure 3.13(b) depicts 

the spectral evolution of the chaotic state almost over 2000 roundtrips. Figure 3.13(c) shows 

Figure 3.12: (a) Long pulse train of the stable and chaotic state. (b) RIN & (c) integrated RIN 
at different regime

(a)

(b) (c)
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the variation between 800-1000 roundtrips. A weak nature of spectral collapsing is present 

which can be due to soliton explosion.

Discussion: The reason behind this state transition is not similar to the previous case of 

ANDi laser. This state transition is mainly influenced by the strong narrow band spectral 

filtering. As shown in figure 3.11(b), we can see that when the FWHM of the spectrum 

becomes comparable to the filter bandwidth, the instability occurs. In few literatures, based 

on numerical simulation, it is reported that, strong spectral filtering can stimulate soliton 

explosion in the laser [50] before transiting to the multi-pulse state. In our experiment, we 

have not increased the pump power further to avoid damage of the SESAM.

3.6. Conclusion: To conclude, this chapter contains the performance of two SESAM-based 

lasers in two dispersion configuration; one ANDi and one dispersion managed. Both the lasers 

contain a single pulse state and deliver pulses with picosecond duration in stable condition. 

Depending on the pump power, the ANDi laser show four different state namely stable single 

pulse, chaotic, unequal multi-pulse and harmonic mode-locked state. The dispersion managed 

Figure 3.13: (a) DFT spectrum of the stable state. (b) DFT spectrum of the chaotic state (c) 750-
1000 roundtrips of figure 3.13(b)

(b)

(a)

(c)
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oscillator also shows another transient state which contain significant amplitude modulation. 

The DFT spectrum shows inconsistency in spectrum evolution in each roundtrip and also 

have a sign of soliton explosion. Although, SESAM provides a good stability in the single 

pulse state, they are sensitive to the intra-cavity power and the performance degrades in time 

due to exposure to the heat. The sudden intensity fluctuation of extreme events also can be 

detrimental for SESAMs performance. Alongside that, as commercial SESAMs do not come 

with a tunability in controlling parameters, choice of appropriate component and cavity 

engineering becomes necessary to obtain a stable state. 
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Chapter: 04 

 

 

Rectangular pulses in dual gain segment based 

figure-9 laser 

Abstract 

This chapter delves into the pulse dynamics observed in a figure-9 laser. As a special design 

this cavity contains two gain segments which are pumped by two independently controllable 

current controllers. In contrast to dual gain segment based figure-8 architecture, figure-9 

laser provides tunability both in pulse duration and peak power. The stable state is diagnosed 

as the rectangular noise-like pulse state from its characteristic auto-correlation trace. The 

repetition rate is 1.96 MHz and pulse duration is few nanoseconds. Pulse dynamics have been 

studied by varying the gain of both the amplifiers. It is found that the obtained NLPs behaves 

oppositely compared to conventional NLPs obtained from other cavities. This study has the 

potential to open up new research direction in studying pulse dynamics in any analogous 

figure-9 cavity. 
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4.1. Introduction: In the last two chapters, the performance of two physical saturable 

absorbers such as FSA, SESAM have presented which have absorption at the working 

wavelengths. In these material based saturable absorbers, there are atoms/molecules which 

absorb light at the lasing wavelength. In contrast, working principle of artificial saturable 

absorbers like NPR, NALM, NPE etc. relies on the fundamental properties of light 

(interference, birefringence etc.) because of which the response time of these SAs are 

considered instantaneous. In this chapter, performance of a figure-9 laser is presented where 

the mode-locking is done by NALM. As a special feature, this cavity contains two amplifiers, 

one is in the amplifying LOOP and other one is placed in the ARM.  The solution of the cavity 

is identified as the noise-like pulse with rectangular temporal profile. The working principle 

of NLMs are briefly described below. Following that properties of different rectangular mode-

locked pulse state are also described. 

4.2. Working principle of non-linear loop mirrors: The working principle of 

nonlinear loop mirrors relies on the overlap of two electric field having a certain amount of 

phase shift. The phase difference arises during the propagation in a nonlinear medium because 

of difference in amplitude of two electric fields. Schematic of a NOLM is shown in figure 4.1(a) 

whereas 4.1(b) depicts schematic of NALM. An input electric field ( ) splits into two 

counter-propagating waves ( ) after the splitter according to the splitting ratio 

( : 1 - ). After travelling the same length of fiber (L = Fiber length of the loop) these two 

counter-propagating waves again combine at the splitter. However, during propagation, they 

acquire certain non-linear phase shift because of the non-linearity of the medium. If E is the 

electric field and  is the nonlinear coefficient, the acquired phase-shift is given by 

 

 is the mode-field area and   is the working wavelength [1-2]. If the splitter splits the 

input electric filed in an asymmetrical ratio (  ), the amount of phase shift will be different 

for two counter-propagating waves. As the overlap between these two waves is phase 

sensitive, the output field will also respond according to the phase difference between two 

waves in the loop. The output field will also divide into two ports but let us consider a virtual 

optical isolator at  which will allow the output field in  only. 
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Let is the input electric field entering the splitter from and splits into two part 
and in respectively with a splitting ratio : 1- .

    and    

After propagating the whole loop when these two waves meet, then the output at becomes

From the above equation it is clear that the switching behaviour in other word the 

transmissivity varies periodically with the input power and in a specific wavelength region 

the periodicity depends on the coupling ration and the length of the loop. The transmissivity 

is given by the ratio of with . Figure 4.2(a) corresponds to the normalized 

transmission spectrum at different coupling ratio (20 % and 40 %) keeping the loop length 

fixed at 5 m. For this plotting, value of is considered to be 3.16 x 10^-20, and Aeff is 30 

µm2. It is clear from the figure that a higher coupling ration provides higher modulation depth 

Figure 4.1: Schematic of (a) NOLM and (b) NALM, CW: Clockwise, CCW; Counter clockwise
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but also possesses higher saturation power. Figure 4.2(b) corresponds to the normalized 

transmission spectrum at different loop length (5 m, 2m) keeping the coupling ratio fixed at 

40 %. As the length of the fiber increases there is a greater non-linear phase shift between 

two counter-propagating waves which lowers the saturation power. For this reason, in an 

experiment longer length of fiber is required to easily start the oscillator.

When , two counter propagating waves acquire same amount of non-linear phase, 

then no such switching occurs. However, placing an amplifier asymmetrically in the loop such 

that any of these two waves gets the gain early compared to other and propagates a longer 

length with higher power. In contrast, the other waves get the gain much later and as a 

Figure 4.2: Transmission function of an NOLM for (a) different loop length keeping the splitting 
ratio same (b) different splitting ratio keeping the loop length same

(a) (b)

Figure 4.3: Transmission function of a NALM for different amplification factor
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consequence a phase difference arises between two waves. Then it also acts as a switching 

device and known as NALM. In this case the transmissivity depends also on the gain of the 

amplifier. The function is given by the following equation. 

 

Where G is the amplification factor [3]. Increment of G is analogous as increasing the pump 

power in an experiment. Figure 4.3 shows the transmission curve of a NALM for different 

value of amplification factor. For higher value of G, the saturation power of the NALM 

reduces as the sufficient phase shift occurs between two counter-propagating waves. 

4.3. Rectangular mode-locked pulse: As discussed on earlier chapters, single pulse 

energy of a stable single pulse state is limited by mainly energy quantization [4-5]. In 2008, 

it is theoretically predicted that, the pulse energy of a single pulse can be increased indefinitely 

without optical wave breaking in certain configuration. Later, these pulses are found in 

experiment and gained popularity as dissipative soliton resonances (DSRs) widely [6-7].  

While increasing the pump power, the amplitude/peak power of these pulses remain constant 

but the pulse energy increases. As a result, the pulse duration increases. The temporal profile 

of these type of pulses is rectangular-shaped and often arises as a result of peak power 

clamping effect in saturable absorption curve. In artificial saturable absorbers, where the 

transmission function varies periodically such condition arises when intra-cavity reaches the 

crest of the transmission function [8-9]. Cavity made of physical saturable absorbers also 

shows this phenomenon as a result of reverse saturable absorption (RSA) [10]. Another type 

of square-shaped solutions are Noise-like pulses (NLPs), which possesses almost similar 

artefacts as DSRs including smooth optical spectrum and temporal profile [11-13]. However, 

many femtosecond incoherent sub-pulses are present within the square envelope of NLPs and 

in contrast to DSRs, spectrum of NLPs are broad. In experiment, NLPs are easier to obtain 

and diagnosed from its double-scaled auto-correlation trace [14]. At present, the demand of 

square wave pulses is increasing, as researchers have found their application in several field 

such as optical square clock, broadband generation for optical coherence tomography [15]. 

Both DSRs and NLPs are extensively studied in various SA-based cavities covering NPR, 

NALM, NOLM, CNTs, TIs etc. Recently, few works are reported where researchers have 

utilized two distinct gain module to further scale up the pulse energy in figure-8 configuration 

[16-18]. Surprisingly, they have found that the pulse duration and peak power behaves 

oppositely with the gain of two amplifiers. In these works, they have considered NALM based 
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figure-8 structure where the amplifiers are placed both in NALM loop and the unidirectional 

ring. Few works are also reported where the NALM itself contains two amplifiers [19-20]. 

It is found that the pulse duration increases with the gain of amplifier placed in the NALM 

loop keeping the peak power unaltered. However, the peak power depends on the gain of 

another amplifier that is placed in the unidirectional ring. These work concludes that dual 

amplifier based cavities provide an extra degree of freedom to achieve the tunability. 

Exploring in this direction, a figure-9 cavity has been constructed exploiting two independent 

gain section which eliminates the necessity of a high power optical isolator. Alongside, the 

pulse dynamics that we have observed is different in contrast to the figure-8 counterpart. 

4.4. Dual gain segment based figure-9 cavity: Figure-4.4 shows the schematic of laser 

architecture which utilizes a NALM as a mode-locker. The laser consists of two part; one 

NALM LOOP and one ARM, coupled by a 3-dB coupler. In the LOOP, an Yb-doped double 

clad fiber of 2.5 meters of length is pumped by MM-LD through a pump combiner. A lab-

made cladding mode stripper (CMS) is incorporated to extract the unused pump. Following 

the CMS, a 3-dB coupler is used to couple the NALM to the ARM. In one of the port, 90 

meter HI1060 fiber is connected to elongate the cavity length. The cavity length is increased 

to introduce greater amount of non-linearity. A polarization controller (PC) is connected to 

easily start the oscillator. The ARM also comprises another Yb-doped fiber of 2.5 meter which 

is pumped by another MM-LD. After the gain fiber, another CMS is used to fulfil its usual 

purpose. Following the CMS, a chirped fiber Bragg grating (CFBG) is used to reflect (40 % 

reflectivity) a part of electromagnetic field back to the LOOP. The CFBG is employed in 

positive dispersion mode ( 2 = + 0.21 ps2) and also serves as an output coupler. The FWHM 

is 9.2 nm centered at 1064 nm. The net cavity dispersion is near to 2.58 ps^2. The cavity 

consists of two gain modules which are pumped by two independent current controllers. The 

pump power of two gain modules is named as pumpLOOP and pumpARM. In the same way the 

output terminals are named as outputLOOP and outputARM. An optical spectrum analyzer 

(YOKOGAWA, AQ6319) is used to record optical spectrum. The temporal characteristics 

are captured by an oscilloscope (DPO72004C, Tektronix, 20 GHz) and photodiode 

(DET08C/M, Thorlabs, 5 GHz). The consecutive pulses are captured in FastFrame setup of 

the oscilloscope in a fixed temporal window. The RF spectrum is recorded via FFT based 

software SignalVu of the oscilloscope. The autocorrelation trace is measured via Avesta auto-

correlator (AA-10DD-30PS). 
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4.5. Results: Stable mode-locked pulse train appeared by adjusting the PC when pumpLOOP 

and pumparm are 2.1 W and 3.9 W respectively. The threshold pump powers are comparatively 

higher however the stable state persists at lower pump power also, once the stability is 

achieved. Figure-4.5(a) corresponds to the optical spectrum which possesses a triangular 

shape with a FWHM of 3.1 nm. The temporal intensity profile in shown in figure-4.5(b) which 

Figure 4.4: Schematic of the dual gain segment based figure-9 cavity, PC: Polarization controller, 
CMS: Cladding mode stripper, CFBG: Chirped fiber Bragg gratings

(a) (b)

(c) (d)

Figure 4.5: Characteristics of the noise-like pulse state, (a) output spectrum with triangular shape (b) 
Rectangular single pulse temporal profile (c) Autocorrelation trace of the NLP state (d) The RF-
spectrum showing the repetition rate of 1.96 MHz with SNR > 50 dB
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is rectangular in shape. In inset, the long pulse train is also presented which confirms the 

stability. The autocorrelation trace confirms that the obtain state is a noise-like pulse state as 

it possesses the key signature of NLPs i.e., a femtosecond peak over a pico-second pedestal. 

Figure-4.5(c) corresponds to the auto-correlation trace. The RF-spectrum clarifies the 

fundamental frequency of the obtained state is 1.96 MHz and shown in figure-4.5(d). A 

frequency modulation of 347 MHz is present in the RF-spectrum which is due to the ns pulse 

duration, the modulation frequency is reciprocal of the pulse duration (2.88 ns). The SNR is 

above 50 dB. To check the spectral stability, output spectrum is recorded at same condition 

but after a time interval and shown in figure-4.6(a). No spectral fluctuation is noticed in that 

time duration. In figure-4.6(b), 1000 consecutive pulses are shown in colormap which shows 

the temporal stability of the state.

Laser dynamics by gain variation in LOOP: Both the spectral and temporal dynamics is 

checked by varying the gain of the amplifier placed in the LOOP (varying the pumpLOOP 

power). During this characterization, pumpARM is kept fix at 3.9 W. Figure-4.7(a) shows the 

output spectrum at different pumpLOOP power. The figure indicates that with the increment 

of the pumpLOOP power the spectral width reduces. Figure-4.7(b) depicts the single pulse 

temporal profile at different pumpLOOP power. It shows the increment of pulse duration 

(FWHM) with the increment of the pumpLOOP power. Both spectral width and pulse duration 

corresponding to distinct value of pumpLOOP power is plotted in figure-4.7(c). The 

Figure 4.6: (a) Output spectrum recorded at different time but same condition (b) 1000 consecutive pulses 
recorded via FastFrame setup 

(a) (b)
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pulse duration increases from 2.3 ns to 4.5 ns. As soon as the pumpLOOP power reached 2.6 

W, the pulse splits into a double pulse state with reduced pulse duration. In figure-4.7(d), 400 

consecutive pulse at distinct pumpLOOP is plotted in colormap configuration. The figure 

interprets that with the increment of pulse duration, the peak power reduces and before 

entering into the multi-pulse state the pulse duration goes through severe breathing as 

recorded at 2.4 W of pumpLOOP power. The average power and peak power at two output 

Figure 4.7: Laser dynamics by varying the gain of the LOOP. (a) Output spectrum at different power 
at the LOOP (b) Single pulse profile at different power. (c) variation of spectral and temporal width 
with the pump power (d) colormap of the consecutive pulses recorded at different pump power (e) 
Variation of average power and peak power with the pump power.

(a) (b)

(c) (d)

(e)



77 | P a g e

terminals are plotted in figure-4.7(e) which shows the peak power reduces with the pumpLOOP

power although the average power stays almost same. The peak power reduction and 

increment of pulse duration is noticeable in NALM-based lasers [20-22]. It happens when 

the cavity goes through peak power clamping effect. With the increment of the pumpLOOP

power, the phase shift between two counter-propagating waves increases which reduces the 

saturation power of the NALM as a consequence [3]. This behavior is common for 

conventional NLP and DSR states. Figure 4.8(a) depicts the temporal profile recorded at 2.6 

W of pumpLOOP power which corresponds to a double pulse state. The FWHM of individual 

pulse is 1.66 ns and the time interval between them is 7.6 ns. RF-spectrum of the double pulse 

state is shown in figure-4.8(b). The frequency spectrum contains two modulations at 

frequency reciprocal to the individual pulse duration (615 MHz = 1/1.66 ns) and time interval 

(130 MHz = 1/7.6 ns).

Laser dynamics by gain variation in ARM: The laser performance is studied by keeping 

the gain of the LOOP fixed and varying the gain of the ARM. The pumpLOOP is fixed at 2 W 

and the pumpARM is varied from 2.8 W to 3.9 W. The output spectrum at different pumpARM

is shown in figure-4.9(a) which shows the spectrum becomes broader with the increment of 

the pumpARM power. The single pulse profile in corresponding pump power is plotted in 

figure-4.9(b). It can be noticed that the pulse duration gets narrower with pump power and 

the peak power is also noticed to be increasing. The spectral width and pulse duration at 

different pumpARM power is plotted in figure-4.9(c) which possesses an exact opposite nature 

Figure 4.8: (a) Temporal intensity profile of a double pulse state (b) Rf-spectrum of the double pulse 
state

(a) (b)
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of figure 4.7(c). The peak power also shows an opposite variation compared to figure-4.7(e). 

The average power and peak power at two terminals are plotted in figure-4.9(d). A colormap 

of 400 consecutive pulses at distinct pumpARM is shown in figure-4.9(e) which shows the 

pulse duration reduces as well as peak power increases. 

Figure 4.9: Laser dynamics by varying the gain of the ARM. (a) Output spectrum at different pump 
power (b) Single pulse temporal profile at distinct power (c) Variation of spectral and pulse width with 
pump power (d) variation of average and peak power (e) colormap of the consecutive pulses recorded at 
different pump power 

(a) (b)

(c) (d)

(e)
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4.6. Conclusion: In conclusion, a novel pulse dynamics of NLP state in a figure-9 cavity is 

revealed in this work. The laser contains two amplifiers which are independently controllable. 

In the stable condition the laser deliver rectangular pulses of few nano-second durations. The 

cavity length is sufficiently long to provide enough non-linear phase shift between two 

counter propagating waves in the NALM. The state is identified as NLP from its double-

scaled auto-correlation trace. The peak power and pulse duration is dependent on the gain of 

both the amplifiers but they behave in an opposite manner. The study explores a possible 

direction of studying pulse dynamics in dual gain-segment based figure-9 cavities. 

{Bibliography} 

1. Doran, N. J., and David Wood. "Nonlinear-optical loop mirror." Optics letters 13, no. 1 (1988): 
56-58. 

2. Fermann, Martin E., F. Haberl, Martin Hofer, and H. Hochreiter. "Nonlinear amplifying loop 
mirror." Optics Letters 15, no. 13 (1990): 752-754. 

3. Liu, Xuesong, Li Zhan, Shouyu Luo, Zhaochang Gu, Jinmei Liu, Yuxing Wang, and Qishun 
Shen. "Multiwavelength erbium-doped fiber laser based on a nonlinear amplifying loop mirror 
assisted by un-pumped EDF." Optics express 20, no. 7 (2012): 7088-7094. 

4. Grudinin, A. B., D. J. Richardson, and D. N. Payne. "Energy quantisation in figure eight fibre 
laser." Electronics Letters 28 (1992): 67. 

5. Bale, Brandon G., Khanh Kieu, J. Nathan Kutz, and Frank Wise. "Transition dynamics for 
multi-pulsing in mode-locked lasers." Optics express 17, no. 25 (2009): 23137-23146. 

6. Chang, Wonkeun, Adrian Ankiewicz, J. M. Soto-Crespo, and Nail Akhmediev. "Dissipative 
soliton resonances." Physical Review A 78, no. 2 (2008): 023830. 

7. Chang, Wonkeun, J. M. Soto-Crespo, Adrian Ankiewicz, and Nail Akhmediev. "Dissipative 
soliton resonances in the anomalous dispersion regime." Physical Review A 79, no. 3 (2009): 
033840. 

8. Wu, X., D. Y. Tang, Han Zhang, and L. M. Zhao. "Dissipative soliton resonance in an all-
normal-dispersion erbium-doped fiber laser." Optics express 17, no. 7 (2009): 5580-5584. 

9. Ding, Edwin, Philippe Grelu, and J. Nathan Kutz. "Dissipative soliton resonance in a passively 
mode-locked fiber laser." Optics letters 36, no. 7 (2011): 1146-1148. 

10. Cheng, Zhaochen, Huihui Li, Hongxing Shi, Jun Ren, Quan-Hong Yang, and Pu Wang. 
"Dissipative soliton resonance and reverse saturable absorption in graphene oxide mode-
locked all-normal-dispersion Yb-doped fiber laser." Optics Express 23, no. 6 (2015): 7000-7006. 

11. Cheng, Zhaochen, Huihui Li, and Pu Wang. "Simulation of generation of dissipative soliton, 
dissipative soliton resonance and noise-like pulse in Yb-doped mode-locked fiber 
lasers." Optics express 23, no. 5 (2015): 5972-5981. 

12. Zheng, Xu-Wu, Zhi-Chao Luo, Hao Liu, Nian Zhao, Qiu-Yi Ning, Meng Liu, Xin-Huan Feng, 
Xiao-Bo Xing, Ai-Ping Luo, and Wen-Cheng Xu. "High-energy noiselike rectangular pulse 
in a passively mode-locked figure-eight fiber laser." Applied Physics Express 7, no. 4 (2014): 
042701. 

13. Dong, Tianhao, Jiaqiang Lin, Yong Zhou, Chun Gu, Peijun Yao, and Lixin Xu. "Noise-like 
square pulses in a linear-cavity NPR mode-locked Yb-doped fiber laser." Optics & Laser 
Technology 136 (2021): 106740. 

14. Zhao, Kangjun, Pan Wang, Yihang Ding, Shunyu Yao, Lili Gui, Xiaosheng Xiao, and Changxi 
Yang. "High-energy dissipative soliton resonance and rectangular noise-like pulse in a figure-
9 Tm fiber laser." Applied Physics Express 12, no. 1 (2018): 012002. 



80 | P a g e  

 

15. Lin, Shih-Shian, Sheng-Kwang Hwang, and Jia-Ming Liu. "Supercontinuum generation in 
highly nonlinear fibers using amplified noise-like optical pulses." Optics express 22, no. 4 
(2014): 4152-4160. 

16. Mei, Li, Guoliang Chen, Lixin Xu, Xianming Zhang, Chun Gu, Biao Sun, and Anting Wang. 
"Width and amplitude tunable square-wave pulse in dual-pump passively mode-locked fiber 
laser." Optics letters 39, no. 11 (2014): 3235-3237. 

17. Semaan, Georges, Fatma Ben Braham, Jorel Fourmont, Mohamed Salhi, Faouzi Bahloul, and 
François Sanchez. "10 J dissipative soliton resonance square pulse in a dual amplifier figure-
of-eight double-clad Er: Yb mode-locked fiber laser." Optics letters 41, no. 20 (2016): 4767-
4770. 

18. Bahloul, Faouzi, Khmaies Guesmi, Mohamed Salhi, François Sanchez, and Rabah Attia. 
"Control of the square pulse properties in figure-of-eight microstructured fiber laser." Optical 
Engineering 55, no. 2 (2016): 026102-026102. 

19. Smirnov, Sergey, Sergey Kobtsev, Alexey Ivanenko, Alexey Kokhanovskiy, Anna Kemmer, 
and Mikhail Gervaziev. "Layout of NALM fiber laser with adjustable peak power of generated 
pulses." Optics letters 42, no. 9 (2017): 1732-1735. 

20. Du, Wenxiong, Heping Li, Yanjia Lyu, Chen Wei, and Yong Liu. "Period doubling of 
dissipative-soliton-resonance pulses in passively mode-locked fiber lasers." Frontiers in 
Physics 7 (2020): 253. 

21. Krzempek, Karol, Jaroslaw Sotor, and Krzysztof Abramski. "Compact all-fiber figure-9 
dissipative soliton resonance mode-locked double-clad Er: Yb laser." Optics letters 41, no. 21 
(2016): 4995-4998. 

22. Kharitonov, Svyatoslav, and Camille-Sophie Brès. "All-fiber dissipative soliton resonance 
mode-locked figure-9 thulium-doped fiber laser." In The European Conference on Lasers and 
Electro-Optics, p.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



81 | P a g e  

 

Chapter: 05 
 
 

Lyot filter-based Mamyshev Oscillator: 
Design & Simulation 

___________________________________________________________________________ 
 
 

Abstract 

The last three chapters present the pulse dynamics of Q-switched and mode-locked fiber 

lasers constructed with various saturable absorbers. In this chapter, a novel saturable 

absorption technique is introduced, elucidating its operational principles. Relying on the 

theory of Mamyshev regenerator, this approach involves periodic spectral filtering and 

successive amplification to generate ultra-short pulses. A new Mamyshev oscillator 

architecture is proposed, incorporating a tunable Lyot filter (LF) as one spectral filter, 

alongside a Gaussian filter of fixed bandwidth and central wavelength. Generalized nonlinear 

Schrodinger equation (GNLSE) is solved on the architecture to look into the pulse dynamics. 

The tunability of the proposed LF is achieved through the introduction of stress-induced 

birefringence. Distinct pulse dynamics are observed based on the overlap between the two 

filters. Under optimized conditions, the oscillator produces parabolic pulses with a linear 

chirp profile. Numerical assessments of pulse compressibility are conducted. The study also 

explores the evolution of intra-cavity spectrum and pulse dynamics. The numerical study is 

structured in a way that an experimentalist can reproduce the results from an analogous 

experimental setup. 

 
  



82 | P a g e  

 

5.1. Introduction: The generation ultra-short pulse requires an approach by which the 

cavity supports high intensity components over the low intensity components. Then, through 

an iterative process, a high-intensity noise fluctuation transforms into a stable pulse after 

several roundtrips. This process is known as saturable absorption, which is implemented in 

the laser through either an artificial or physical method. In their work [1], North et. Al.  have 

proposed an architecture where two optical regenerators are placed in a closed loop form and 

observed ultra-short pulses of few picosecond durations at the communication wavelength. 

They have explained that the saturable absorption effect arises in the cavity because of 

nonlinearity-induced spectral broadening and consecutive spectral filtering that is occurring 

in each roundtrip due to its component-specific design. The technique was based on the theory 

of Mamayshev regenerator [2], proposed on 1998 and draws a significant attention from 

researchers after the work of Relegeskis et. Al. in 2015 where they have built an oscillator 

capable to deliver 2.6 nJ pulses with 3 ps duration at 1060 nm [3]. Following this work, 

Samartsev et. Al. [4] and Siderenko et. Al. [5] have reported their work which are relied on 

Mamyshev 

oscillator  

A simplest architecture of MO consists of two arms; each arm contains one amplifier and a 

band-pass filter as shown in figure 5.1. The key point is that the central wavelength of the 

two BPFs should have an optimized offset. Any intensity fluctuation form noise will 

experience SPM-induced spectral broadening while propagating down the amplifier. Then 

the first spectral filter will allow a part of the spectrum and the same process will happen in 

second arm. So a fluctuation with sufficient peak power can only persists in the cavity and 

eventually evolves into a stable pulse after sufficient roundtrips. So, it is evident that 

performance of a MO depends on the offset between two filters. It is easier to start a MO at 

lower offset, however better pulse quality and higher pulse energy is achieved at greater offset 

value [6]. To initiate a MO, researchers use tunable BPFs; initially the offset is kept low and 

once the pulsing starts, the pulse quality is improved by tuning the BPFs to a greater offset 

value. However, a several approach have been adopted to start a MO easily. The next section 

delves into some techniques that researchers have adopted to start a MO. 
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5.2. Starting dynamics of a MO: As complete suppression of the CW requires higher 

offset, it automatically hinders the growth of fluctuations from noise. Although a certain 

amount of overlap between filters helps to initiate pulsing, this method limits the pulse energy 

to a lower value. Keeping the offset at greater value, the fluctuation is initiated by an 

additional arm which contains a SESAM, by utilizing NPE with offset spectral filtering, pump 

modulation, and feed backing the rejected components from the filter into the cavity. The 

most adopted technique is seeding another short duration and low-energy pulse to start the 

oscillator. Systematic tuning of spectral filtering along with pump modulation is also adopted 

by the researchers to initiate MO. Several numerical study is also conducted on MO where 

both the seed pulse and white Gaussian noise (WGN) is used as the initial electric field to 

start the simulation [6]. It is found that a certain amount of overlap between filters is needed 

to get a stable solution when WGN is used to initiate the simulation. 

MOs have been built by using various types of filters such as FBGs, CFGBs, gratings pair, 

free space or fiber coupled band pass filter which works in either transmissive or reflective 

mode. Few works which dealt with filter separation used tunable spectral filter where 

tunability is achieved by using temperature or stress-controlled FBG or by using commercial 

thin film based spectral filter. A table is appended below which contains information on the 

working wavelength, type of spectral filter and the adopted method to start the laser.

Figure 5.1: A simplest schematic diagram of Mamyshev oscillator showing generation of 
short pulse by SPM-induced spectral broadening and successive spectral filtering
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Table  5.1: Mamyshev Oscillator at three main wavelength regime 

Type of gain 
medium 

Type of filters Starting procedure Pulse 
width/pulse 

energy 

Ref. 

Yb3+ doped 
fiber 

Commercial fixed 
Band-pass filter 

External seed 73 fs /122 nJ [7] 

 FBG pair Pump modulation 38 fs/102 nJ [8] 

 Free space filters Microchip Q-switched laser  [9] 

 Commercial tunable 
Band-pass filter 

Pump modulation +filter 
shifting 

40 fs/80 nJ [10] 

 Commercial tunable 
Band-pass filter 

Pump modulation + filter 
shifting 

 [11] 

 Free space filters Pump modulation + filter 
shifting 

65 fs/21 nJ [12] 

 Grating pair NPE + external seed  [13] 

 Commercial fixed 
Band-pass filter 

External seed 56 fs/83.5 nJ [14] 

 grating External seed  [15] 

 grating NPR 1.5 ps [16] 

 grating NPE  [17] 

     

Er3+ doped 
fiber 

grating NPE 100 fs/31.3 nJ [18] 

 Grating+BPF External seed 2.9 ps/ __ [19] 

 Commercial tunable 
Band-pass filter 

External seed 83 fs/0.1 nJ [20] 

 Commercial fixed 
Band-pass filter 

Self-start 3 ps (HML) [21] 

 cfbg Additional arm with SAM 103 fs/21.3 nJ [22] 

 Commercial Band-
pass filter 

External seed 1.61 ps [23] 
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Tm3+ doped 
fiber

Grating pair NPE + external seed 140 fs/15 nJ [24]

grating NPE + seed 208 fs/3.5 nJ [25]

A Lyot filter is another type of spectral filter which is constructed by using a birefringent 

crystal (quartz, liquid crystal etc.) placed in a proper orientation to the polarization direction 

of the input light [26]. In case of optical fiber based LF, a polarization maintaining fiber 

(PMF) of specific length in spliced between two polarizers [27-28]. The wavelength 

selectivity of the LF depends on the amount of optical phase acquired by the light and total 

birefringence of the PMF. So, by modifying the value of total birefringence, the transmission 

curve can be shifted. In the field of mode-locked fiber laser, LF is adopted to build tunable 

ultrafast laser or to achieve multi-wavelength operation [29-30].

5.3. Design of Lyot filter based Mamyshev oscillator & simulation details:

Figure 5.2 depicts a schematic representation of the laser cavity in a MO configuration, which 

is simulated numerically. The MO comprises two ytterbium-doped fiber amplifiers (YDFA-1 

and YDFA-2), each having a gain fiber length of 1 meters and two band-pass filter (BPF-1 

and BPF-2). A 90:10 splitter is considered after each amplifier, 10 % of which is used to collect 

the output field after each roundtrip.  The output ends following the two amplifiers are 

Figure 5.2: Schematic of the proposed LF-based MO at 1064 nm considered for theoretical 
simulation
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denoted as OC-1 and OC-2 respectively. After each splitter, 2 meters of single mode passive 

fiber is considered to get enough spectral broadening. For simplicity, we have assumed 

identical values for dispersion ( ) and nonlinear coefficient ( ) for both the fibers set at 22.7 

x 10 -3 ps2/m and 5.1 /W/km, respectively  at the operating wavelength of 1060 nm to align 

with the characteristics of the commercial fiber HI1060 from Corning. The simulation is done 

in a unidirectional manner by solving the generalized nonlinear Schrodinger equation 

(GNLSE). The GNLSE considering second-order dispersion and Kerr-nonlinearity is solved 

by well-known SSFM method. The mentioned equation is given by 

 

  is slowly varying envelope,  is the second order dispersion,  is the nonlinear coefficient. 

The additional term is for the gain segment where  is the saturable gain coefficient, can 

be expressed as a function of small signal gain (  as .  is the saturation 

energy and   is the energy of a single pulse denoted as . Manipulation the value 

of  and  is analogous to alter the pump power in a hypothetical experiment. In our 

work, value of  is kept fixed at 10 nJ and only the value of  is varied in a range to study 

the effect of gain on the oscillator performance. To initiate the simulation, a white Gaussian 

noise is introduced at the beginning of YDFA-1. Several number of simulations are performed 

and analyzed by altering the initiation point, but it is observed that the final pulse properties 

do not depend on the selection of the starting point. The compressibility of output pulse is 

checked by solving NLSE in a negatively dispersive fiber of 1 meter with suitable GVD. 

5.4. Architecture of a Lyot filter & other filter properties: 

Working principle of a LF: In figure 5.3(a), a simplest architecture of a LF is shown. A 

birefringent crystal of a certain length is placed between two polarizers. To obtain maximum 

modulation depth, the axis of birefringent crystal is aligned to 450 with the axis of polarizers. 

Considering a randomly polarized light at the input, first polarizer allows the light of a 

particular direction which is divided into two orthogonal components in the birefringent 

crystal. While propagating through the birefringent crystal, each wavelength component 

experiences a distinct amount phase shift. Second polarizer serves as an analyzer and 

transmits each wavelength according to their associated phase (orientation). In this way an 

amplitude modulated transmission is obtained. In case of single-stage LF, a sinusoidal 
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transmission is obtained. Wavelength gap between two consecutive peaks is known as free 

spectral range (FSR). By utilizing multiple birefringent crystals, the value FSR can be 

controlled. A schematic of a double-stage LF is shown in figure 5.3(b). In this multi-stage 

cases, length of every second birefringent has to be half of the length of previous crystal to 

obtain side-band free transmission curve.    

Figure 5.3: Schematic of crystal based (a) single-stage (b) double-stage Lyot filter

(a)

(b)
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A basic configuration of a LF involves placing a polarization-maintaining fiber (PMF) 

between two inline fiber polarizers, as depicted in figure 5.4(a). Similar architecture has been 

adopted in various literature for different application. The purpose of each component is 

described below.

Polarizer-1: Initially, polarizer-1 transforms a randomly polarized light into linearly 

polarized light. The light then enters a PMF at a 45-degree angle relative to the input light's 

polarization direction (SP1 denotes a 45-degree splice). 

Birefringent fiber: Inside the PMF, the light is divided along two perpendicular axes. Each 

spectral component acquires a unique phase shift depending on the birefringent value of the 

fiber.

Polarizer-2: At end polarizer-2 is placed at a 45-degree angle with the fast axis of the PMF 

(SP2 represents a 45-degree splice), converts the acquired phase shift into an amplitude-

modulated transmission spectrum. To maximize modulation depth, it is important to align 

polarizer-2 precisely.

Applying stress to the PMF allows the alteration of its total birefringence, leading to a shift 

in the spectral window. This modification is key to achieve the desired changes in the 

Figure 5.4: (a) Schematic of a Lyot filter (LF) (b) transmission function of LF at 
different stress-induced birefringence (SIB) value; (c) variation of spectral overlap 
between LF and GF with SIB of LF

(a)

(c)(b)
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transmission spectrum. The mathematical representation of the LF's transmission function 

can be calculated by transfer matrix method.  

The transfer matrix of the different elements has been presented below. 

 

                                                          is the input electric field  

P1 is the matrix for first polarizer  

 

 

PM is the matrix for the PM fiber 

 

 

Where 

 

 is the length of the polarization-maintaining fiber (PMF). , represents 

the effective birefringence of the PMF, sum of both the inherent birefringence of the PMF 

( ) and the stress-induced birefringence ( ).   is the operating optical wavelength. P2 

is the matrix for the last polarizer 

 

 

 is the angle of the polarizer with the fast axis of PMF. The output electric field   is 

given by 
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Transmissivity is given by 

 

 

for the special case  this equation reduces to 

 

According to Equation-5.2, the transmission function of the LF is directly related to the 

effective birefringence of the fiber. To change the stress induced birefringence, we can place 

the PMF is within an in-line fiber polarization controller (PC). By rotating the paddle of the 

PC, the PMF will experience a certain amount of stress and as a consequence the transmission 

function will be shifted. Although the stress-induced birefringence is in the order of 10^-7, it 

is sufficient to generate a measurable shift to the transmission spectrum. In literature, several 

experimentally proven methods of tuning a LF exist. In the most recent approach, the PMF 

is placed on a piezoelectric stretcher and a controllable amount of stress is introduced to the 

fiber electronically [31]. The same research group also demonstrates tunability of the LF by 

placing the fiber on a heated surface and systematically varying the system temperature [32]. 

Transmission curve at different values of SIB is plotted in figure 5.4(b). The inherent 

birefringence is fixed at 4.5x10-4 [33]. The FSR which is defined as the gap between two 

consecutive peaks, is determined from the formula: . The bandwidth is calculated 

from the formula: . In this work, is chosen to be 24 cm which fixes the BW at 6 

nm and FSR at 12 nm. The other filter of the MO is a Gaussian filter centered at 1064 nm 

with a FWHM of 3 nm which is kept fixed throughout the numerical investigation. 

Overlap factor: In figure 5.4(c), the spectral overlap between two filters is plotted against 

the SIB of PMF. The spectral overlap which is defined as the common area under the 

transmission function of both the filters, is shown in figure 5.4(c) (inset). The maximum 

overlap is set at 100 % corresponding when 

transmission band. By varying SIB, the position of LF is shifted and the spectral overlap at 

different position of LF is plotted. As the transmission function of the LF undergoes a blue 

shift, the overlap initially decreases. However, beyond a certain point, the overlap increases 

again, taking on a shape of a parabola. This behaviour is attributed to the sinusoidal 
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transmission spectrum of the LF. The succeeding section delves into the detailed properties 

of the output from the cavity depending on the amount of spectral overlap.

5.5. Results & discussions: To look into the performance of a LF-based MO, GNLSE 

is solved by varying two parameters; one is SIB and another one is SSG. Variation of SIB is 

akin to tuning of the LF by shifting the transmission peaks and variation of SSG is similar to 

adjusting the pump power. Over this two parameter space, distinct solutions have been 

Fixing the SSG at 2.4, when the filter is set in a position where the overlap between two filters 

is high enough, the cavity co

which contain multiple pulses with irregular time gap over CW background. This state can 

be considered as an intermediate state between pure CW and stable single pulse state. Further 

reduction of filter overlap leads to a multiple pulse state. From a multiple pulse state, a single 

pulse is realized by either reducing SSG or by tuning the filter to a lower overlap position. 

Attributes of each state and probable reasons are discussed in the subsequent section. The 

obtained pulse states over two parameter space is shown in Figure 5.5.

5.5. A. Rain of pulses: In the position of intermediate spectral overlap, the cav

out the CW components completely. Due to weak saturable absorption affect, certain number 

of pulses appear over the CW background with random time interval between them. This 

type of state was observed in various mode-locked cavities utilizing both physical and artificial 

Figure 5.5: Various pulsing regimes obtained as the solution of GNLSE over a two parameter 
space (SIB & SSG)
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saturable absorbers such as NPR, material-based SA, NOLM, etc [34-35].In reference [36], 

Chouli et al. have characterized these states as an intermediate stage between a continuous 

wave and a stable mode-locked state, resulting from weak mode-locking. The output 

spectrum of the corresponding state is depicted in figure 5.6(a). The output spectrum contains 

sharp peaks which is a sign of CW breakthrough. The output pulse is presented in figure 

5.6(b). 9 pulses are present with in the time interval of 500 ps, the time gap between 

consecutive pulses are also not consistent. Roundtrip-to-roundtrip spectral and temporal 

evolution over 2000 consecutive roundtrips are shown in figure 5.6(c) and 5.6(d) respectively. 

The cavity could not supress the CW part even after 2000th roundtrips.

5.5. B. Stable single pulse state: After attaining the rain of pulse state, the single pulse state 

is attained by tuning the spectral overlap. The spectral build up at OC-2 over consecutive 

roundtrips is shown in figure 5.7 (a). The figure indicates that although there was strong CW 

component initially, over the roundtrips, CW part got suppressed and a smooth steady

spectrum is attained. Figure 5.7(b) shows the spectra at 760th roundtrips which contains CW 

completing 2000 roundtrips. Roundtrip-to-roundtrip (c) spectral & (d) temporal variation 
over 2000 roundtrips

(a) (b)

(c) (d)
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spike, whereas figure 5.7(c) represents the spectrum at 1000th roundtrip without any CW 

spike. The final spectrum is smooth and have a sign of SPM-induced spectral broadening. 

This spectrum has a FWHM of 15.9 nm corresponding to 105 fs transform-limited pulse.

The roundtrip-to-roundtrip temporal evolution is shown in figure 5.8(a). The intensity profile 

and its associated chirp is presented in figure 5.8(b). The intensity profile is smooth and chirp 

is almost linear at the center of the pulse. Both the Gaussian fitting and parabolic fitting is 

done to investigate the pulse shape. After fitting the misfit parameter is calculated from the 

following formula

Where and is the intensity of the actual and fitted curves respectively. For the parabolic 

fitting the misfit parameter is 0.26 % whereas for Gaussian fitting the misfit parameter is 3.6 

%. In figure 5.8(c), actual temporal profile with Gaussian and parabolic fitting is shown. Thus, 

the state can be diagnosed amplifier similariton ts parabolic intensity profile with linear 

chirp. Amplifier similariton is particularly known for its high compressibility [37-40]. We 

have checked the compressibility of the stable state numerically and found that the pulse is 

compressible to 125 fs which is near to its transform-limited duration (105 fs). The intensity 

profile after compression is presented in figure 5.8(d).  

(a)
(b) (c)

Figure 5.7: Spectral evolution of a single pulse state. (a) Spectral evolution over 2000 
roundtrips. (b) Spectrum after 760 roundtrips (c) Spectrum after 1000 roundtrips
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While the intensity profile of both the spectrum and pulse is smooth at OC-2, it exhibits a 

broken nature at OC-1 termination. The spectrum is presented in figure 5.9(a) and the pulse 

is shown in figure 5.9(b). The roundtrip-to-roundtrip spectral and temporal evolution is 

shown in figure 5.9(c) and 5.9(d) respectively. These figures interpret that spectrum and pulse 

shape and intensity is stable once the steady state is achieved. The broken nature of spectrum 

and pulse could be explained by looking into the intra-cavity pulse propagation which is 

presented in figure 5.9(e). The LF possesses multiple spectral windows due to its sinusoidal 

nature, permitting various spectral components to pass through and after amplification, these 

components interact irregularly, forming a fringe pattern on the spectrum and, consequently, 

in the pulse. In contrast, the GF only possesses a single transmission window, enabling a 

specific part of the spectrum to pass through without any hindrance to maintain an even and 

consistent broadening.

Figure 5.8: Temporal properties of a single pulse state. (a) Temporal evolution over 2000 
roundtrips. (b) Intensity profile and associated chirp of a single pulse (c) Actual intensity 
profile with Gaussian and parabolic fit (d) intensity profile of a compressed pulse

(a)
(b)

(c) (d)
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Figure 5.9: Spectral and temporal attributes at OC-2 end. (a) Spectrum after 2000 
roundtrips (b) a single pulse after 2000 roundtrips (c) spectral & (d) temporal evolution 
over 2000 roundtrips. (e) Intra-cavity spectral & temporal evolution

(a) (b)

(c)
(d)

(e)
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Figure 5.10: Properties of a multi-pulse state observed at OC-1. (a) Final stable spectrum 
(b) final temporal window contain three pulses. Roundtrip-to-roundtrip (c) spectral & (d) 
temporal evolution. (e) Intra-cavity spectral & temporal evolution of the multi-pulse state.

(a) (b)

(c)
(d)

(e)
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5.5. C. Multi-pulse state: Figure 5.5 indicates the possibility of achieving multi-pulse 

operation through two distinct approaches. The first method involves tuning the filter 

position while maintaining a fixed Single Sideband Generator (SSG). Alternatively, multi-

pulse operation can be realized by keeping the SSG fixed and increasing the overlap to allow 

more energy into the oscillator through the filters. Attributes of a three pulse state are 

presented in figure 5.10. Figure 5.10(a) is the evolved spectrum after 2000th roundtrips and 

the roundtrip-to-roundtrip spectrum variation is shown in figure 5.10(c). The spectrum 

contains fringes which is a property of a multi-pulse state, unlike the rain of pulse state no 

CW part is noticed in this state. The obtained temporal state after 2000 roundtrips and 

corresponding roundtrip-to-roundtrip variation is shown in figure 5.10(b) and (d) 

respectively. The intra-cavity spectral and temporal variation is shown in figure 5.10(e).  

5.6. Conclusion: This study concludes that LF can be an alternate choice of tunable 

spectral filter maintaining robust all-fiber architecture. Besides, there is a possibility to 

observe various pulse dynamics relying on the overlap of spectral filters. In the stable state, 

ble to its transform-limited duration. 

A disadvantage of LF-

-stage all-fiber LF will help to 

maintain the FSR keeping the bandwidth fixed.   
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Chapter: 06 

 

Ultra-short pulse amplification via Chirped Pulse 

Amplification technique 

 

Abstract 

The dispersion managed oscillator in the stable single pulse state discussed in chapter 03 is 

considered for further amplification. Multiple amplifier stages are implemented in all-fiber 

configuration and at every stage the performance is optimized. Two different architectures 

are made; one provides high peak power around 540 kW, which comprises single booster 

stage followed by the compression stage. The final compressed duration is approximately 295 

fs. For final compression a pair of diffraction gratings in are exploited in Littrow position. 

The second setup provides higher pulse energy which is approximately 2 µJ. A pulse picking 

system is exploited to reduce the repetition rate to a desired value. At the final amplifying 

stage LMA fiber is utilized. The final beam maintains a good beam quality with a M2 value 

around 1.25.  
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6.1. Introduction: As of now, mode-locking remains the most effective technique for 

generating pulses of ultra-short duration. However, its drawback lies in producing pulses 

with very low average power, typically in the milliwatt (mW) range. Consequently, the peak 

power and pulse energy generated are often insufficient to meet the requirements of many 

applications. So, amplification of the seed pulses is necessary to comply with the demands. 

However, there are several non-linear affects that comes into play during the amplification 

which becomes detrimental to maintain the pulse quality. To address these issues CPA is the 

most adopted technique among researchers. In this method, the pulse is broadened before 

amplification via some dispersive delay lines. Then, the amplified pulse is compresses down 

to ultrashort time scale. Multiple amplification stage can be employed according to the 

power/energy requirement. In the compression stage grating pairs is preferable because of 

its low non-linearity. Based on the grating pair-based configuration, complete CPA system is 

reported at three main wavelength regimes (1064 nm, 1550 nm, 2000 nm) which are capable 

to deliver pulses of energy nJ-µJ level [1-3]. To maintain the all fiber architecture, 

researchers are now adopting hollow core PCFs as an alternative of grating pairs because of 

their special light guiding property [4-5]. As the core of these fibers are air filled, the total 

dispersion is mainly dominated by the waveguide dispersion which provides as large range of 

design flexibility according to the needs. Recently, researchers are adopting multiple rod-

types fiber as amplifiers and then combining them via coherent beam combination (CBC) 

technique to achieve 10.4 kW average power in femtosecond duration [6-8]. However, these 

procedures require multiple bulk optics and meticulous adjustments to maintain the 

coherence, making the system complex and constraining its robustness. A table is included 

showing achieved output parameters from Yb-doped CPA system. 

Table: 6.1: Review of Yb-doped CPA system 

Central 
wavelength 

Average power Pulse duration Repetition rate Ref. 

1064 nm 28 W 350 fs 15.4 MHz 9 

1040 nm  349 fs 35 kHz 10 

1030 nm 20 W 764 fs 200 kHz 11 

1040 nm 32 W 153 fs 40.3 MHz 12 

1040 nm 131 W 220 fs 73 MHz 13 

1030 nm 100 W 270 fs 1 MHz 14 
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1030 nm 100 W 330 fs 500 kHz 15

1060 nm 17.5 W 172 fs 500 kHz 1

1034 nm 11 W 340 fs 21.35 MHz 16

6.2. Architecture -1: 160 nJ pulse energy, sub-300 fs duration, 17.65 MHz 

system

The SESAM-based dispersion managed seed, discussed in chapter-03 in the stable single 

pulse state, is considered for further amplification via CPA technique. After this low power 

oscillator, a pre-amplifier stage is included to scale up the average power. The gain fiber is a 

single clad Ytterbium doped fiber with core diameter of 6.2 micron and NA = 0.14. Single 

mode-optical having normal dispersion at 1064 nm is used as the stretcher. This fiber is a 

commercial fiber (HI1060-xp) from Corning with dispersion -38 ps/nm/km. After the 

stretcher, the main booster 

stage is implemented. Here the gain fiber is a double clad Ytterbium doped fiber 

Figure 6.1: Schematic of the whole CPA system which delivers 160 nJ pulses of duration 295 fs.
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(Core/Cladding dia = 10/125 micron; NA = 0.08) which is pumped via a multimode laser 

diode of 976 nm in cladding pump configuration. A lab-made cladding mode stripper (CMS) 

is used to extract the extra pump energy. Appropriate isolation is made in the junction 

between any two stages via ln-line fiber coupled isolator. For compression, two diffraction 

gratings are used in Treacy configuration to obtain maximum efficiency. The whole set up is 

shown in figure 6.1 in schematic form.

6.2.1: Construction of seed oscillator: The seed oscillator here is the dispersion managed 

mode-locked fiber laser in stable single pulse state. The laser delivers pulses of below 58 ps 

durations at a repetition rate of 17.65 MHz. The output spectrum is sufficiently broad with a 

3-dB bandwidth of 14.2 nm and rectangular in nature as the net cavity dispersion is positive.

The 

output spectrum is shown in figure 6.2 (a). Figure 6.2(b) depicts the intensity profile of a 

single pulse having pulse duration of 58 ps. In figure 6.2 (c) the RF-spectrum is plotted with 

time in 100 MHz frequency interval to show no significant frequency drift at a particular 

(a)

(c)

Figure 6.2: SEED properties. (a) Output spectrum (b) Temporal profile of the single pulse (c) 100 
RF-spectrum recorded after 5 second time gap 

(b)
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pump power. The fundamental frequency is 17.65 MHz. The average output power is 14 mW. 

In the next stage, the average power is scaled up via a pre-amplifier state. 

6.2.2: Pre-Amplifier: Before amplifying the signal in the main booster stage, the average 

power of seed is scaled up to 100 mW at the expense of 312 mW pump power. With the 

increment of pump power, the spectral width also increases almost linearly. The maximum 

spectral width obtained is 15.2 nm. The spectrum after the pre-amplifier is shown in figure 

6.3(a) at different

Figure: 6.3: (a)Spectral evolution after pre_amplifier with pump power (b) Variation of 3-dB 
spectral width (c) variation of average output power with pump power

(a)

(b) (c)
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pump power. The maximum power is limited by the growth of ASE pedestal. Figure 6.3(b) 

depicts the variation of 3-dB spectral width with pump power. The measured average output 

power is plotted in figure 6.3(c).

6.2.3: Stretcher: The stretcher fiber is spliced after the pre_amplifier keeping the pump 

power 

Figure 6.4: (a) Temporal & (b) spectral profile after the stretcher of different fiber length

(a)

(b)
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fixed at 312 mW. We have checked the temporal and spectral broadening after three different 

lengths of fiber which are 200 m, 500 m, 700 m. Figure 6.4(a) represents the single pulse 

temporal profile after each of those length. As the length of stretcher fiber increases, the pulse 

width also broadens. Because of the temporal broadening the peak power reduces and as a 

results no significant non-linearity induced spectral broadening is observed after the 

stretcher. Figure 6.4(b) depicts the normalized spectrum after each length and no such 

Figure 6.5: (a) Spectrum after booster at different pump power (b) Variation of output power 
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difference is noticed. For the final configuration, stretcher of 200 m length is chosen. The 

pulse duration and spectral width are 80 ps and 18 nm respectively after the stretcher. 

6.2.4: Booster-1: Spectrum at different pump power is shown in Figure 6.5(a). Raman 

emission is noticed around 1120 nm just after pump power crosses 6 Watt. The pump power 

is increased to 8.6 W where the Raman peak is below 30 dB of the signal peak. Figure 6.5(b)

shows the variation of output power with pump power of booster-1. The maximum average 

output power is 4 Watt, corresponding to pulse energy of 220 nJ.

6.2.5: Compression: The amplified pulse after booster-1 is compressed using two diffraction 

gratings in Littrow configuration [17,18]. Grating-1 diffracts the collimated beam spatially 

then the spatially diffracted beam is incident on Grating-2. Grating-2 makes the beam parallel 

again and directed to mirror-1. The reflected beam from the mirror is retraced back through 

the Grating-2 and Grating-1 respectively. In this path the beam is de-chirped and measured 

via auto-correlator. The intensity autocorrelation is shown in figure-6.6. Considering 

Gaussian shape of the pulse, the duration is about 295 fs. The average power becomes 2.8 W 

after compression providing 70 % efficiency. Finally, the pulse peak power becomes 540 kW 

corresponding to 160 nJ pulse energy.

Figure 6.6: Intensity auto-correlation of the final pulse.
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6.3: Architecture -2: 2 µJ pulse energy, 150 ps duration, 1.09 MHz system

In this configuration, the setup is modified by implementing an AOM after the stretcher, 

which is controlled by an arbitrary waveform generator. The signal frequency is decreased 

gradually in the following order frep/2, frep/4,  frep/8 and frep/16. frep/16 is around 1.09 MHz 

which is chosen for further amplification. Another amplifier stage is included after Booster-1 

which comprises a 7 meter gain fiber of 30 micron core diameter and cladding diameter 125 

micron. The NA of the gain fiber is 0.082 and it is pumped in cladding pump configuration 

via multi-mode laser diode. The complete set up is shown in figure 6.7.

6.3.1: Pulse picking: This is a process to reduce the repetition rate outside main oscillator. The AOM 

acts as an optical shutter which allows pulses according to the signal frequency provided to it. An 

accurate pulse picking method comprises a digital delay pulse generator system (DDPG) which is 

synchronized to main oscillator. Here, as we did not have such system, the signal frequency is tuned 

to the desired value every time we turn on the system. Figure 6.8(a) shows the output after the AOM 

at different signal frequency. Figure 6.8(b) shows the variation of average output power with the signal 

frequency. The power loss is mainly due to the insertion loss of the AOM. The average power also 

reduces with the reduction of signal frequency as greater number of pulse is blocked. For this 

configuration, the signal frequency is fixed at frep/16. After the pulse picker, another amplifier in core 

pumping scheme is included. In this stage, the output power is scaled up from 0.72 mW to 4.5 mW. 

As the repetition rate and input power is low in this amplifying stage, performance of the amplifier is 

limited by the growth of ASE. The output spectrum at different pump power is shown in figure 6.9(a). 

The amplifier pump power is then kept fixed at 160 mW for further step. 

Figure 6.7: Pictorial representation of the architecture delivering 2 microjoule pulse energy
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6.3.2: Booster-1: The output spectrum at different pump power after the booster-1 is shown in figure 

6.10(a). The variation of output power is also presented in figure 6.10(b). It is observed that, after 1 

W of pump power, ASE levels start to grow significantly. To keep the SNR better, the pump power 

is kept fix at 1 W which corresponds to 67 mW of output power.

(a) (b)

Figure 6.8: (a) output pulse train at different signal frequency (b) Average output power after pulse 
picking

Figure 6.9: (a) Spectrum after the Pre_amplifier-2 at different pump power. (b) Variation of average 
output power at different pump power

(a)
(b)
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6.3.3: Booster-2: Figure 6.11 depicts the performance of booster-2. In this stage, maximum average 

power of 2.2 W is obtained at the expense of 11.7 W of pump power. The spectrum at distinct pump 

power is shown in figure 6.11 (a). The 10-dB spectral width at the maximum pump power is 27 nm. 

The variation of average output power is shown in figure 6.11(b). The maximum pulse energy 

obtained is 2 µJ. Because of unavailability of grating pair suitable for high energy operation, 

compression part is not done. 

The beam quality measurement is done after collimating the output through an aspheric lens. 

The value of M2X is 1.22 and M2Y is 1.25. Figure 6.12 depicts the M2 measurement of the beam 

profile. The beam shape maintains 99 % circularity and the image is shown in figure 

6.12_inset. 

Figure 6.10: (a) Spectrum after the booster-1 at different pump power. (b) Variation of average 
output power at different pump power

(a) (b)

Figure 6.11: (a) Spectrum after the booster-2 at different pump power. (b) Variation of average output 
power at different pump power

(a) (b)
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6.4. Conclusions: Two different setup is considered for the amplification of ultrashort pulses 

at 1064 nm. First architecture delivers pulses of 160 nJ energy with a peak power of almost 

540 kW. The average power is limited by Raman emission after amplification. The second 

architecture delivers much more pulse energy as the repetition rate is reduced before the final 

stage of amplification. However, the maximum power is limited by ASE from the amplifier 

and excessive ASE degrades the pulse quality by adding phase noise. The maximum pulse 

energy achieved from this set up is 2.2 micro joule. The stretched pulse is not compressed and 

the duration is 150 ps approximately.

Figure 6.12: Beam quality measurement of the output
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Chapter: 07  

 

Future outlooks 

_____________________________________________ 
The whole work contributes to the following regions: 

 Area of contribution 

 Optical fiber fabrication & characterization 

 Q-switched fiber laser with few-microsecond pulse duration 

 Mode-locked fiber lasers delivering picosecond duration 

 Multipulse state, Harmonic mode-locked state, Chaotic pulse dynamics; 

characterization and identification 

 Features of Dissipative solitons, Dispersion managed solitons, Amplifier similaritons 

 Novel pulse dynamics of Noise-like pulse state 

 Novel architecture of all-fiber Mamyshev oscillator 

 Ultra-short pulse amplification  

 

The outcomes and associated observations of the performed experiments indicate to few 

directions which can be explored in future. Those possibilities are listed below: 

 Although in this work, SESAM based laser has delivered the most stable 

fundamental mode-locked state, literature suggests that NALM could also be 

a good option maintaining an all-PM configuration. A long length of fiber is 

required in our case to obtain enough phase-shift between two counter-

propagating electric fields in the amplifying loop. But a non-reciprocal phase-

shifter can solve this problem. Its job is to provide an extra amount of phase 

to both the waves which satisfy the requirement of phase difference in 

obtaining fundamental mode-locked state. 

 
 A double stage-Lyot filter can be constructed by using two segments of 

birefringent fiber which do have a large FSR compared to single-stage Lyot 

filter. A large FSR will solve the problem of interference of spectral 
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components after the spectral filter. Then stable smoothed spectrum will be 

attainable from both the output terminals of the laser. 

 The output pulse energy from the CPA architecture can be scaled up further 

by adopting a LMA gain fiber such as rod-type fiber, RE-doped PCFs etc. 

Recently, LMA PCFs are also being used in CPA set up as the last stage of 

booster. 
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Algorithm of converting time domain signal to DFT spectrogram 

________________________________________________________________ 

To perform DFT, the output of the laser is connected to long dispersive medium, in my work 
I have used commercial optical fiber G.652 of length 10 km. Then the output from it is 
captured as long pulse train via a high speed photodiode and bandwidth. After that the time 
signal is rearranged following some mathematical formulation. As the last step the time 
domain is mapped to wavelength domain to get the final spectrogram. 

The spectral resolution depends on the GVD, bandwidth of photodiode and oscilloscope, 
sampling frequency of the digitizer. 

d Digitizer = (f * D * Z)-1 ;  

d BW = (B * D * Z)-1 ;  

d GVD = (f * D * Z)-1 ;  

D is the absolute value of dispersion in ps/nm-km, Z is the fiber length, f is the sampling 
frequency, B is the bandwidth of photodiode or oscilloscope (whichever has the lowest value). 
The algorithm is shown below. 
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