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Abstract Key words 
  We  demonstrate  a   behavior  of laser pulse  grows  through  fiber 

laser  inside and output cavity  with  a soliton  fiber  laser  based  on  

the multi-wall carbon nanotube saturable absorber (SA), we 

investigate the effects of a saturable absorber parameter on the mode-

locking of a realistic Erbium fiber ring laser. Generalized nonlinear 

Schrodinger equation including the nonlinear effects as gain 

dispersion, second anomalous group velocity dispersion (GVD), self 

phase modulation (SPM), and two photon absorption used to describe 

pulse evolution. An analytical method has been used to understand 

and to quantify the role of the SA parameter on the propagation 

dynamics of pulse laser. We compute the chirp, power, width and 

phase of the soliton for range of SA parameters and we studied 

stability against nonlinear effects at different SA parameter ranges. 
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 دراسة توليد ليزر السلتون باستخدام المرنان الحلقي والياف الكاربون النانوية

 يونس محمد عطية الزاهي

, العراقكلية طب الاسنان, جامعة ميسان  

 

 الخلاصة
تم توضيح سلوك  نبضة الليزر التي تنمو خلال الليف اليزري داخل وخارج المرنان باستخدام عدة طبقات من اللياف      

معادلة  تم استكشاف تاثير معامل الامتصاص المشبع على قفل النمط في اللياف ليزر الايربيوم. ون النانوية كماص مشبع.الكارب

شرودنكر اللاخطية المتضمنة التاثيرات اللاخطية مثل تشتت الكسب و تشتت سرعة المجموعة و التضمين الذاتي وامتصاص 

م حل تحليلي لفهم وتحديد دور معامل الامتصاص المشبع على ديناميكية الفوتونين استخدمت لوصف نشوء النبضة. استخد

جرى حساب كل من القدرة وعرض وطور والسقسقة للسلتون لعدة قيم مختلفة للتشتت المشبع,  درست  انتقال النبضة الليزرية.

 استقرارية السلتون ضد التأثيرات اللاخطية لعدة قيم مختلفة للتشتت المشبع.          

 

Introduction 

Carbon nanotubes emerged as a promising 

technology for fabrication of saturable 

absorbers [1]. Carbon- based materials of 

graphene [2-4] and nanoscale graphite[5,6] 

have been widely investigated in a fiber ring 

cavity as a saturable absorber (SA) for 

Femto-second/ picosecond pulse generation, 

we can define the Graphene  is   an   atomic  

 

layer  of   conjugated   sp2 carbon  atoms   

arranged  in   a two   dimensional hexagonal  

lattice,   charge   carriers  in   it   move  at 

ultrafast   speed   behaving  like  relativistic, 

massless Dirac  particles   [7,8] Single-wall 

carbon nanotubes (SWNTs) have attracted 

much attention in the field of optical 

communications in recent years, due to their 
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ultrafast nonlinear optical properties in the 

near IR arising from saturation of excitonic 

transitions [9-12]. exhibit interesting 

electronic and optical properties and have 

found several applications in Photonics 

which include nanometre-scale  devices  for  

light  generation,  photo-detection  and  

photovoltaic  devices  [13,14]. Bao  et al. 

have studied that reducing the graphene 

layer number can enhance the mode-locking 

force of graphene saturable absorber, as 

attributed to the enlarged modulation depth 

and decreased linear absorbance[15]. 

Erbium fiber with Carbon  nanotubes (as 

saturable absorption and mode locking) are 

used to generating short optical pulses at a 

22 MHz repetition rate  with 50 kW peak 

power, 1.1 ps pulse width [16]. multilayer 

graphene in ytterbium-doped fiber (YDF) 

laser to produce laser in 1 μ m region 

pulses[17], after that a few layers of 

graphene micro-sheets as the SA and 

constructed an all-fiber passively mode-

locked thulium-doped fiber (TDF) ring 

oscillator with a central wavelength of 

1953.3 nm.[18]. Most studies in the field of 

fiber laser have only focused on dissipative 

soliton generation from a graphene oxide of 

11 ps laser pulses in normal dispersion 

cavity[19]. Recent developments in the field 

of the graphene nanotube have led to a 

renewed interest in passively mode-locked 

fiber laser based on a hollow-core photonic 

crystal fiber filled with few-layered 

graphene oxide solution to obtained 4.85 ns 

pulses at a 7.68 MHz repetition rate[20]. 

Reduce of laser pulse  is an increasingly 

important area in applied linguistics where a 

mode-locked 1.91 m fiber laser based on 

interaction between graphene oxide and 

evanescent field to realized ∼1.3 ps, ∼15.9 

MHz pulse laser[21]. In recent years, there 

has been an increasing interest in a graphene 

nanotube as saturable absorbers in fiber 

laser, where most optical systems contain 

graphene nanotube as  saturable absorbers 

amplifiers with a band-limited gain. Some 

important examples include erbium-doped 

fiber laser, mode-locked lasers, and 

optoelectronic oscillators. The nonlinear 

Schrödinger equation arises in several areas 

of Physics, such as Optics or Quantum 

Mechanics, the nonlinear Schrödinger 

equationthat is used to model the system 

will have a term nonlinear, due to the gain 

saturation, Kerr effects, gain dispersion, and 

group velocity dispersion, due to the finite 

bandwidth of the fiber laser. In solving 

problems, there are mainly two types of 

techniques: analytic, and numerical. 

Analytically methods are the more rigorous 

ones, providing exact solutions, but they 

become hard to use for complex problems. 

A considerable amount of literature has been 

published on the exact solutions to nonlinear 

wave equations. These studies the  Backlund 

transform  [22], hyperbolic tangent 

expansion method [23], the trial function 

method [24], the nonlinear transform 

method [25], transformed rational function 

method [26] and Exact 1-soliton solutions of 

complex modified KdV equation with 

variable coefficients using solitary wave 

ansat [27].   

Numerical methods as Split-Step Fourier 

Method [14] have become popular with the 

development of the computing capabilities, 

and although they give approximate 

solutions for the nonlinear Schrodinger 

(NLS) equation. 

In this paper we shall describe and analyses 

way for solving the nonlinear Schrodinger 

(NLS) equation involves the nonlinear 

effects as gain dispersion, anomalous group 

velocity dispersion GVD and self phase 

modulation SPM and two photon absorption. 

The gain in (NLS)equation describe by the 

saturation power of the gain medium, the 

average small-signal gain, and  the average 

power over the cavity length L. The key 

research question of this study was thus 

whether or not the short pulse  change  with 
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varying   parameter of a saturable absorption 

(SA), Four   works will be examined, all of 

which focus on the relation between the 

power, width, phase and chirp of the pulse 

laser and a parameter of saturable 

absorption. 

 

Methodology 

In this section we describe of optical pulse 

propagation in a fiber laser employs the 

nonlinear Schrodinger (NLS) equation, and 

satisfied by the pulse envelope in the 

presence of mode locking by use of a 

saturable absorber (no electronics are 

required),gain dispersion, the losses for 

cavity and fiber, gain, group velocity 

dispersion GVD and self phase modulation 

SPM andtwo-photon absorption optical The 

amplitude can be assumed real if the 

laser frequency ω coincides with the atomic 

transition frequency ωο, this equation can be 

written as [5] : 

(1) 

1 

 is the propagation distance, α takes into 

account material losses in the 

cavity, SA saturable absorber parameter. α2 

two-photon absorption parameter, self 

phase modulation parameter,  is  the 

second  order  dispersion coefficient.In 

doped fibers, the gain medium responds on a 

time scale much slower than that of the 

pulse width and realized by pumping the 

dopants. As a result, the saturated gain may 

be approximated as  

where
sat

p is the saturation power of the gain 

medium, is the average small-signal gain, 

and 
ave

p represents the average power over 

the cavity length L, is a frequency-

dependent gain dispersion factor. Assume a 

chirped input pulse with “sech”shape. The 

solution corresponding to a fundamental 

soliton is given by: 

 

                    (2) 2 

where  

  (3) 3 

and  

 (4) 4 

where , , k , and c are four arbitrary 

parameters representing amplitude, width, 

wave number, and chirp of the soliton, 

respectively. 

By calculating ( ∂ 𝜓/ ∂ z)  using  Eq. (2) is 

found to satisfy: 

              (5) 

5 

The first part of Eq.(5) is given by: 

 (6) 

6 

The second part of Eq.(5) is given by: 

 (7) 

7 

We can write expression for the second 

derivative of Eq. (2) with respect toT, after  

some algebra as shown in the flowing steps : 

(8) 

8 

Let assume the new parameters as: 

 (9) 9 

 

                       (10) 

10 

By calculating ( ∂ 𝜞/ ∂ T)  is found to 

satisfy: 

 (11) 

11 

By calculating ( ∂ Ω/ ∂ T)  is found to 

satisfy: 

(12) 

12 

Substituting Eqs. (11) and (12) into Eq. 

(10),we get: 
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(13) 

13 

We follow a procedure similar in the above 

equations for finding the second derivative 

of Eq. (13) 

(14) 

14 

Substituting Eqs. (2), (3), (4), (7), (13) and 

(14) into Eq. (1), after some algebra, we 

obtain the following equation. 

(15) 

15 

Separating the real and imaginary parts of 

Eq.(15), we obtain the following two 

equations as: 

(16) 

16 

 

(17) 

17 

Equating the coefficient of  2sech  and 

other parameters of Eq. (16) we obtain the 

following equations: 

(18) 

18 

 

(19) 

19 

Eq. (17) can be separate into two equations 

in the form: 

(20) 20 

 

(21) 

21 

 

Results and discussion 
Laser configuration constituting a ring 

cavity, the detail parameters and the basic 

laser operation are discussed in the Methods. 

There are only two types of fibers used in 

the cavity: A piece of 6 m erbium-doped 

fiber (EDF) with negative group velocity 

dispersion (GVD): -0.012 ps2/m and single 

mode fiber (SMF) with -0.022 ps2/m GVD. 

Solitonic sidebands could be observed on 

the spectra of the mode locked pulses, 

demonstrating that the net cavity dispersion 

is anomalous in the present cavity. A 10% 

fiber coupler was used to output the laser. 

The laser is counter-directionally pumped by 

a 980 nm laser diode; A polarization 

independent isolator was spliced in the 

cavity to force the unidirectional operation 

of the ring. An intra cavity polarization 

controller was used to change the cavity 

linear birefringence. Graphene mode-locker 

was placed between the output couple and 

polarization controller as shown in Fig.1. 

 

1. Chirped soliton 

Eqs. (19) and (21) can be used to find a 

equation for chirp of the soliton  
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(22) 

 

 

Fig . 1: This schematic shows the fiber laser components such as erbium doped fiber (EDF), single mode 

fiber (SMF), wavelength division multiplexer (WDM), polarization controller, coupler and optical isolator. 

 

After some algebra, we obtain the following 

equation 

 

 (23) 

23 

    We can rewrite above equation as: 

                                  (24) 24 

where the parameter m  and n  given by: 

(25) 

25 

EDF 

6m 

Pump laser 980 nm 

Graphene  

Mode locker 

SMF 

100m 

Isolator 

Polarization Controller  

Coupler Output 

10% 

WDM 
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It is easy to show that the chrip parameter is 

found to satisfy: 

                               (26) 

 

26 

(27) 

 

To understand the dynamical behavior of the 

chirp, we must investigate of Eq. (27) 

We have three cases 

Case1: The solution Eq.(27) is called the 

symmetric state and exists only for 
2 4m n >0 the chirp parameter is realand 

indicates that the corresponding soliton 

propagate without changes in its shape, 

width, or amplitude and the soliton is stable. 

Case 2: when the value 
2 4 0m n   and the 

chirp value given by 2c m , this is 

indicates that the frequency is shifted (chirp) 

always take place for soliton laser. 

Case 3: The solution Eq.(27) represents an 

anti-symmetric state and exists for all 
2 4m n >0. In these cases, the chirp 

parameter is imaginary and it is not possible 

to obtain the soliton   because it is purely 

imaginary and the anti-symmetric states are 

unstable. From the condition of the real 

value of a chirp parameter, we get this 

equation  

(28) 

28 

The  saturable absorption parameter  

according to Eq. (28) given with this 

condition : 

(29) 

29 

The  saturable absorption parameter  was 

related to the imaginary part of 

,  

since the light was propagated in the forward 

direction. In a fiber laser with a saturable 

absorption mode locker, the saturable 

absorption parameter depend on the , 

 ,  , , and   . 

We can use Eq. (27) to calculate the chirp of 

the soliton for values of  in the range 

from 0.1 to 0.4. Fig.2 shows changes in the 

chirpas a function of the saturableabsorption 

parameter , and also  shows that the chirp 

increases linearly with the saturable 

absorption parameter . 

 
Fig.2: Chirp versus saturable absorption 

parameter . 

 

Graphene has two components to its 

saturable absorption: one fast, the other slow 

[4]. The time constant for the slow 

component is approximately 1.1 

picoseconds. The fast component is not 

resolved due to the long duration of the 

pulses measuring the saturable absorption 

(~210fs). Eq. (30) describes this behavior of 

as a function to fiber laser 

parameters. 
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(30) 

30 

Fig.3(a) shows the soliton width (FWHM) 

as a function of δSA. The soliton width 

increases exponentially with , The 

increase saturable absorption mode 

locker  reduce the power of the soliton 

Eq. (31) shows that  depend on the 

saturable power of graphene  and the 

power of the soliton  as shown in and 

Fig.3(b). The building pulse evolves toward 

such a soliton by reducing its width and 

increasing its peak power. 

(31) 

31 

 

 

Fig.3(a): Output powers, (b)widths of soliton for different values of . 

 

Fig.4(a) the saturable absorption of graphene 

near the Dirac point a photon with 

energy excites an electron from the 

valence band to the conduction band. 

Fig.4(b) electrons excited into the 

conduction band lose energy and momentum 

to the crystal lattice and to electron-electron 

scattering; the holes they left behind behave 

similarly. This allows new electrons to be 

excited to this same energy level and 

contributes to intraband relaxation time of 

the absorber. Fig.4(c) at high enough peak 

intensities and pulse fluencies, enough 

electrons have been excited into the valence 

band that there are no open states of lower 

energy in the conduction band. Absorption 

and stimulated emission reach a steady state 

and the absorber is saturated. Fig. 4(d) 

shows how the saturable absorption reduces 

the pulse width. 

 

2. Unstable laser pulse  
Analytical simulations  for   growth  pulses 

propagating inside a 5-m fiber ring without 

saturable absorption mode locker shows that 

each input pulse develops an internal  

substructure consisting of many subpulses of 

width fs. Figs.5 shows the evolution toward 

a parabolic shape when a “sech” input pulse 

is amplified over the 5m length of the fiber 

laser, the position and width of subpulses 

change continuously in an apparently 

random manner. Changing anomalous GVD 

values, by varying the length of SMF, 

therefore, the total cavity dispersion was 

varied [28, 29]. Figs.5 shows that each pulse 

still develops an internal substructure in 

which depending on frequencies of the 

photons laser through the ring resonator, the 

substructure varies from pulse to pulse and 

exhibits chaos, and the pulse power also 

varies from pulse to pulse and exhibits chaos 

behavior as phase is varied in the cavity 

resonance. 

 
 

(a) 
(b) (b) 
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(a)                                    (b)                                       (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4: The mechanism of saturable absorption mode locker. 

 

 

3. Stable pulse (soliton) 

The real solution Eq.(3)  provides a shortcut 

to understanding the behavior  pulse laser 

propagation through Er+3 ring cavity length 

6 m  with saturable absorption mode locker. 

In this section, we will focus on the effects 

of saturable absorption parameter on the 

behavior of the laser pulse, the saturable 

absorption parameters are designed to be 

tuned in a wide range from 0.1 to 0.4 by 

varying the thickness of graphene. When the 

 and using Eqs. (3), (18), (19), (20) 

and (27), solitons have been formed in a 6m- 

 

long EDFL. Figs. (6) and (7) show pulse 

shapes at the output endof the saturable 

absorption mode locker when the parameters 

system areγ=0.012(Wm)-1,β2=-0.014ps2/m, 

α2=0.3, T2=0.047ps, α=0.1782m-1, 

 and =0.7827m-130. 

The power of the soliton grows 

exponentially once the power of pulse 

exceeds a threshold value, where at 

 the power of soliton be at 0.007 

W, and picosecond optical pulse is amplified 

in such EDFL, until gain saturates at  

  with power 1.2 W. 

+E/2 

Conduction band  

-E/2 

Valence band 

Eph=hf 

+E/2 

C. B 

-E/2 

V. B 

 

Eph=hf 

             +E/2   +E/2 

C. B 

-E/2 

V. B 

 

Eph=hf Eph=hf 

(d) 
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Fig.5: Evolution of substructure in a 5-m ring resonator when pulses growth from spontaneous 

emission, with GVD (a)β2=-0.014ps2 /m  (b) β2=-0.012ps2 /m and  parameters are γ=0.012(Wm)-1, 

α2=0.3, T2=0.047ps, α=0.1782m-1 and  =0.7827m-1. 

 

(a) 

(b) 
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Fig.6: Soliton growth from spontaneous emission with EDFL parameters are γ=0.012(Wm)-1,           

β2=-.012ps2 /m, α2=0.3, T2=0.047ps,α=0.17822771m-1,  =0.7827525m1-, , . 

 

 
Fig.7: The profiles of the parabolic pulse at (a) z= 0.1m (b) z=6m. 

 
Fig. 8: The phase of soliton plotted as a function of (a) time (b)fiber length. 

 

Fig.8 shows the variation of the soliton 

phase (a) with time (b) with the length of 

fiber laser according to equation of phase 

, when fixed the 

(a) (b) 

(a) (b) 

(b) 
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length at ,we see that the phase 

changing with time as cosine wave with rang 

1 to -1as shown in Fig.8(a). The wave 

number in phase equation depends on the 

parameters  , , c  and  width of soliton 

 as shown in the following equation : 

     (32) 

32 

let us consider the case in which the phase  

of soliton  varies  linearly along the fiber 

length  as shown in Fig.8(b) at  the 

phase of soliton , 

where and the phase 

of soliton reached maximum value at 

. It is clearthat the values of the 

phase will play an important role to building 

soliton from spontaneous emission in 

Er+3fiber laser. 

 

4. Effects of changing SA on behaviour of 

soliton 

Figs.9(a) and 9(b) show the effect of 

changing saturable absorption mode 

locker on the shape of soliton the 

evolution toward the spectral sidebands 

generated through a self phase modulation 

(SPM)affects, anomalous group velocity 

GVD effects, gain dispersion do not grow 

with the propagation of solitons. The power 

of soliton   grows exponentially, along the 

fiber length; the soliton is propagated around 

the laser cavity repeatedly until a steady 

state is reached. Saturable absorber can also 

be used to filter sidebands associated with 

solitons since sidebands can be transferred 

selectively to thelossy core because of its 

low power level. 

The power of the soliton infiber resonators is 

evident from Eq.(33): Note that the power  

depends on GVD , gain 

dispersion , chirp(c), SPM  ), and  

width of soliton . 

(33) 

33 

 

(34) 

34 

It is evident from Eqs. (33) and (34) that the 

parameters and can have real 

positive values and imaginary values, where 

these values plays an important role to stable 

soliton exists only if and  are real. 

This feature can alsobe understood from 

Figs.10(a) and 10(b) show that the pulse  

with a saturable absorption mode locker 

form a soliton and becomes broader  with 

increasing the values of  . 

 

 

 
Fig.9: Soliton growth from spontaneous 

emission (a)  (b) . 

(a) 

(b) 
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Fig.10: Soliton width for (a)  (b) . 

 

Conclusions 

We highlight four important aspects related 

to a mathematical model of pulsed fiber 

lasers with ring cavity a power, width, chirp 

and phase of the soliton on generation of 

single optical pulses. Picosecond laser pulse 

at power ~1.2W, width ~0.5 ps can 

be generated  using  monolayer  graphene  as 

saturable  absorber and form soliton, the 

power, width, phase, the chirp of laser 

soliton vary by  changing  the  intracavity  

loss  with resonator length 6 m. Our results 

in regards to the parabolic shape of the   

pulse and the behavior of the laser pulse 

have good agreement with the results in the 

references[30 -36]. 
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