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Abstract. An analytical solution of the generalized nonlinear Schrodinger equation which is implemented with
fiber laser applications has been presented. The solution based on the exp-function method which is depending
on time, space and small perturbations has been found. This solution was used to test the behavior and study the
propagation characteristics of laser pulses and compared with some of the researches in the same field and the
nonlinear effects as gain dispersion, second anomalous group velocity dispersion, self phase modulation, and
frequency are investigated. The net results are that the parabolic pulse growth after z =4 m, and generate a
periodic pulse train, the power of pulse is increased with increasing the length of fiber laser with reduce its width,
the nonlinear effects have a small role on the pulse power, but they effect on the modulation stability of the laser
and lead to generate sideband, the behavior of the pulse converted to chaotic when increasing the frequency. o
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1 Introduction

The production and propagation of the pulse laser have been
hot research topics in fiber optics fields in recent years,'
where the fiber can be doped lightly with some rare-earth
elements and pumped periodically to provide gain, and
the properties of optics in the fibers are largely different
from the pure silica fibers. This type of doped fiber is called
a fiber amplifier.

A fiber amplifier can be converted into a laser by placing
it inside a cavity designed to provide optical feedback. Such
lasers are called fiber lasers, and fiber-loop mirrors can be
designed to reflect the laser light. One of these cavities is
aring cavity which is used to realize unidirectional operation
of a laser. In the case of fiber lasers, an additional advantage
is that a ring cavity can be made without using mirrors.’

Er*3-doped fiber lasers can operate in several wavelength
regions, one of which is 1.55-um region. This has attracted
the most attention because it coincides with the low-loss
region of silica fibers used for optical communications.*
Lasers, in general, can be classified, according to their tem-
poral dynamics, into four principle modes of operation;
namely continuous-wave (CW), Q-switched, mode-locked
(ML), and Q-switched mode-locked. A CW laser generates
an output optical signal with constant power. For the other
cases of operation regimes, the emitted signal has a pulsed
profile, characterized by parameters such as pulse duration,
frequency repetition rate, pulse energy, and instantaneous
peak power.” High-power fiber lasers have been realized
from Erbium-doped fiber lasers by highly chirped picosec-
ond pulses in a single-mode erbium-doped amplifier.>® One
of the most significant photonics breakthroughs in the last
decade is fiber lasers consisting of a long pumped laser
primarily by diode lasers directed into the fiber cladding.
Average output powers from fiber lasers can reach as high
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as 10 kW. Fiber lasers can operate in the CW mode or in
various pulse modes, even picosecond pulses.”!”

In one set of experiments, several diodes used to produce
high pumping power, where four diode-laser bars, each emit-
ting 45 W of power near the 915-nm wavelength, were used
for pumping the fiber laser; the laser emitted up to 110 W of
CW radiation at a wavelength near 1.12 ym, with an optical
conversion efficiency of 58.3% (Ref. 5), optical conversion
efficiency increasing to 81% by Nicholson,'' where 55 W is
produced from a high-power erbium-doped fiber laser oper-
ating at 1.555 ym, with a core pumped by a Raman fiber laser
operating at 1.480 ym with 67 W of pump power.

Erbium fiber with carbon nanotubes (as saturable absorp-
tion and mode locking) are used to generate short optical
pulses at a 22-MHz repetition rate with 50-kW peak power,
1.1-ps pulse width.'> Another technique used for generating
short optical pulses (at 10 kHz with 25-kW peak power,
40-ns pulse width as well as 160-kW peak power with
21-ns pulses at 1.1 kHz) is called a bulk solid-state Q-
switched erbium laser."?

A soliton in fiber lasers is a result of the mutual non-
linear interaction among the laser gain and losses, cavity
dispersion, and fiber nonlinearity, as well as the cavity
effects.'* The important question is how to generate solitons,
which are affected by the gain and losses inside the laser
cavity. The nonlinear Schrodinger equation supports solitons
for both normal and anomalous group velocity dispersion
(GVD).">! The mathematical treatments for laser signal
propagation in doped fiber depend on the optics signal
pulse width (7)) and the doped ions dipole relaxation time
(T»). When T < T,, the rare-earth ions-doped optics fibers
can be modeled by the well-known Maxwell-Bloch equa-
tion. When T > T,, the description of the evolution pulse
should be the Ginzburg—Landau equation.’
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A very hard task is to find exact solutions, including
soliton equations, because of the changing shape of the non-
linear Schrodinger (NLS) equation according to the
types of the nonlinear effects in the theoretical model, there-
fore one solution method will not be applicable to all equa-
tions. The hyperbolic tangent (tanh) method is a powerful
technique to symbolically compute traveling wave solutions
of nonlinear wave and evolution equations. In particular, the
method is well suited for problems where dispersion, con-
vection, and reaction diffusion phenomena play an important
role.?>*

The inverse scattering transform showed that a solution to
soliton equations exists.”> Hirota developed a technique for
solving soliton equations without requiring the heavy machi-
nery of inverse scattering.’

Previous studies on the many new approaches for finding
the exact solutions to nonlinear wave equations included the
homogeneous balance method,?”*® the hyperbolic tangent
expansion method, > the trial function method,?' the non-
linear transform method,> the Backlund transform,> the
generalized Riccati equation method,*** split-step Fourier
method,'* transformed rational function method,*® and
Exact 1-soliton solutions of complex-modified KdV equation
with variable coefficients using solitary wave ansat.®’

In solving problems, there are mainly two types of tech-
niques: analytic and numerical. Analytical methods are the
more rigorous ones, providing exact solutions, but they
become hard to use for complex problems. Numerical
methods have become popular with the development of com-
puting capabilities, and although they give approximate
solutions. The problem we have studied is finding solitary
wave solutions through a core of the fiber laser, where the
interaction of linear and nonlinear mechanisms makes it
difficult to find general analytical solutions. In this work,
we find an analytical solution for the NLS equation which
describe the generating of train pulses with a high power
~650 W through Er™3 ring cavity length 8 m.

Our goal is to obtain a solution for the NLS equation in
which include on nonlinear effects as gain dispersion ,
anomalous GVD, self phase modulation (SPM) and gain ,
by simplifying it, the method developed in this article is
only applicable to pulse widths that are much longer than
100 fs for the dipole relaxation time 7 > T,. We find
two equations; the first equation describes the shape of
laser pulse and the second equation provides the phase of
the laser pulse. Section 2.1 focuses on solving equation of
laser phase and Sec. 2.2 covers solution to the equation of
the pulse shape. This model includes a study of the effects
of SPM (Kerr effect), anomalous GVD, frequency and a
small perturbations of amplitude and width of pulse on
the behavior of the laser pulse during ring cavity.

2 Mathematical Analysis of the Model

The mathematical description of optical pulse propagation in
a core fiber laser employs the NLS equation, and is satisfied
by the pulse envelope A(z,f) in the presence of gain
dispersion, the losses for cavity and fiber, gain, GVD, and
SPM. The amplitude A(z, ) can be assumed to be real if
the laser frequency @ coincides with the atomic transition
frequency @, This equation can be written as’
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where ¢ is the time in the rest frame, z is the propagation
distance, a is total losses, including fiber, cavity and satu-
rable absorber losses.

Note that Eq. (1) is written in the frame of reference
moving with group velocity v, = B7!, transforming to
a reference frame moving with the pulse and introducing
the new coordinates 7 = t — B,z. By doing this, we elimi-
nate the term B;(0A/dt) from the left-hand side of Eq. (1).
B, is the GVD coefficient of the host fiber described by

| dn d*n
Bi="==-(2 4+ 02 2). 2
2 dw? c( dw+wdw2> @

The parameter d”k/dw? is associated with the refractive
index. The fiber nonlinearity y = (n,w/cAg) accounts for
SPM effects induced by the host, w is the carrier frequency,
n, is the nonlinear refractive index (units m>/W), c is the
speed of light in a vacuum, and A.; is the effective fiber
core area. 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 g. = g,(1 + Pave/Psat) '
where p, is the saturation power of the gain medium, g,
is the average small-signal gain, and p,,. represents the aver-
age power over the cavity length L. p,./Ps: = 0.01 When
T, = 100 fs (is doped ions dipole relaxation time),’ 9.T3 is
a frequency-dependent gain dispersion factor. The saturable
absorber is described by a simplified transfer function
a = ao(l + pave/psat)_l'

If we make the transformation

a=a+a,+a., B,=B;+ig. T3 g=g.—a. 3)
Equation (1) is reduced to

A 1 _ 0*A

= —B,—— —y|A]PA + igA. 4
i =380 Y|A]PA + ig “4)

Assume the exp-type shape of the pulse remains
unchanged during propagation but allows its parameter to
evolve with the propagation distance z. In this case, a suitable
form of the optical field is

A(z,7) = a(z)f(z)e™. %)
a(z) is small perturbations of amplitude, f(7) is the initial

amplitude function to the time z. Therefore, we can write

the phase profile ¢(z,z) in terms of wave number k(z)

and carrier frequency w of the pulse as

¢(t,2) = ot — k(2). (6)
It is useful to make the transformation

7= u(z)(T — Bywz), (7

where u(z) is small perturbations of the pulse width.
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By calculating (0A/0z), Eq. (5) is found to satisfy

()A(()ZZ’ 7 _ Kixga(z) + dc;(zz)>f(1) +a(z) a];(:) gj e,
®)

where ] = dk/dz. To find the term dz/dz taking d/dz for
Eq‘ (7)’

dr  du(z) du(z)

d_z_ dz T—B20)(M(Z) +z dZ ) (9)
From Eq. (7) we get

T=—+u(z)Bo. (10)

u(z)
By substituting Eq. (10) into Eq. (9), pulse width is found

to evolve with z as
dr u.(z)’
dz  u(z)

7—u(z)Bw, (11

where u_(z)" = du(z)/dz. Substituting Eq. (11) into Eq. (8)
yields

A7) _ Kixga(z) + dil(;))f (=)

+ (#‘;E?)'— u(z)32w>a(z) df;(:)]eiw. (12)

Taking the second derivative of Eq. (5) with respect to T’
yields:

PA(z,7) df(z)

s df(7)
aT? _[zlw”(z) dr

dr?

R f() +12(2) }a@ww
(13)

Substituting Eqgs. (12) and (13) into Eq. (4), after some
algebra, we obtain the following equation:

where a,(z)’ = da(z)/dz separating the real and imaginary
parts of Eq. (14), we obtain the following two equations:

d;i(zr) N <u(§;<2232_ (;’@) 2_BV2 <Z8) ’ f(f)z) F(z)=0,

where

1(e) = df(1)/di?, &=L <"(Z))2 and

2 \u(z)

2k o \?2
o ra () "

Equation (17) governs the pulse shape. This nonlinear
equation can be solved by multiplying it by df(r)/dr and
integrating over 7; the result is

PP+ 217 =S e =, (19)

where C is a constant of integration. Using the boundary con-
dition that both f(z) and df(z)/dr vanish as 7 — +o0, from
this it follows that C = 0.

PR + 5 502 = § 70 =0, o)

2.1 Phase Equation

Finding the relation between Q and §, and introducing a new
independent variable:

d d
=1-x% —=(1-x?)—. 21
o) =1-2 £ = (1-2) 5 e
Substituting Eq. (21) into Eq. (20) yields
d 2 0 )
—x2 —x2 12221 2)4—
[(1 x)dx(l x%) +2(1 x°) 4(1 x*)*=0. (22

Equating the coefficient of xi, i=0,1,2, we obtain the
following equation:

0=16=-2. (23)

Substituting Eq. (23) into Eq. (18), we get the following
equations:

oK Bz > Y 2
=222 —La(z)?, 24
oz 2 v 4a(z) @4

a(z) = ,/%M(z). 25)

Taking d/dz for Eq. (25) and dividing it by Eq. (25) we

= . (26)

(15) a(z) u(z)
/ / Multiply Eq. (16) by f(z) and integrating with respect z,
TMZ(Z) df(z) + <aZ(Z) - ga(z)>f(1) =0. (16) where 7 — oo this yields
u(z) dr a(z)
: : u ()" [ _df(z) <az(1)’ _§> /°° 2 (e —
Equation (15) takes the form: u(2) /_wf I flr)dr + az) 2 _wf (7)dr=0
f"(@) + 0f (1) = 5f(2)* = 0. a7 27)
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a;(z)’ (2 / 2
-Z—= )dr = 28
< a(z) 2 2 u(z) ) fo)de = (28)
since f *_f2(z)dz # 0, (represents the energy of laser pulse),
we obtain the followmg equation:
a(z)’ g> lu(z)"
-2 = 29
(55 -3) -2 =

Using Eqgs. (26) and (29), we get a simple differential
equation

_e (30)

G(z) = = e, (€29

where G(z) is the net gain of the pulse, and z is the length of
the fiber laser.

Equation (31) provides the gain coefficients representing
the local gain seen by the pulse.

From Egs. (25) and (31), the u(z) is given by

— g0 | Y ole0) 2
u(z) a,/sze . (32)

Substituting Eq. (32) into Eqs. (7) and (24), we get the
following equations:

14
T =0, /2—326<gz>(T B,wz), (33)

d 1 1
a_ 2 (Bza)2 - Eya?e(z"”)) . (34)

Equation (34) can be easily integrated over the length of
fiber to obtain:

=222, rad L )
ko) == S T (35)

Substituting Eqgs. (33) and (35) into Eq. (6), the phase
equation of the laser pulse generated through a core of
fiber laser is

[V 1 |7
(p(Tv Z) = a- TBze(/Z)wT - 5 <1 + 2a- 2&6(#)>Bzwzz

_71%’9(1 — ¢4y, (36)

Equation (36) shows that the phase of the laser pulse
consists of summing three parts, first a nonlinear phase
shift (ya?/16g)[1 — exp(4gz)], second a dispersion shift

1/2(B,w?z)[1 + 2a-+/y/2B, exp(gz)], and third the carrier
frequency shift a-\/y/2B,exp(gz)wT, and noting the
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a-exp(gz) plays a dominant role to change the pulse
phase.

2.2 Pulse Amplitude Function A(z,T)

To get the amplitude function, we must investigate Eq. (20)
Substituting Eq. (23) into Eq. (20), we have that

PP = 5 f @ + 570 =0, G7)

Hence Eq. (37) becomes

d
/__l;_:i/w
F/z (=)
If we assume a solution of the form f(z) = sec h(0), the
angle @ can now be obtained by substituting it in Eq. (38).

The result is found to be § = 7/+/2 the amplitude function
becomes

(38)

T
=sec h| —|. 39
1) =sec (25 (9)
According to Eq. (33), the parabolic (sech) solution is
a [V (g
f(z) = sec h|=, |9 (T — Bywz)|. (40)
2\ B,

The general solution can be obtained by substituting
Egs. (31), (36), and (40) into Eq. (5), and taking real part
for ' yields

A(z,T) = a-sec h [ﬁ T plod (T - ngz)}
2\B,
1
X COS [an /%e(gz)wT -3 (1 + 240, /2LBze<9Z>)

2
2

X Byarz — 1L (1 - e4<91>) (59, 41)
16g

3 Results and Discussion

To illustrate pulse dynamics, using Eq. (41) which describes
pulse laser propagation through Er*? ring cavity length 8 m,
we assume a (sech) input pulse has power a3 = 1 W and its
initial pulse width at full width at half maximum (FWHM) is
T =133 ps > T, = 0.1 ps. Ring cavity can be designed to
reflect the laser light but to transmit pump radiation and to
realize unidirectional operation of a laser.”® Six 180 W 980-
nm diodes fiber were chosen for their compatibility with
the input legs of available high power—tapered fiber bundle
coupler technology Fig. 1 and the length of a standard single-
mode fiber (SMF) was changed, therefore, the total cavity
dispersion and Kerr effect were varied.**°

3.1 Output and Input Pulse Shapes

Figure 2 shows the evolution toward a parabolic shape when
a “sech” input pulse is amplified over the 8-m length of
the fiber laser (a) at z=0m (b) z =38 m comparison
between the input and output pulse, we see the pulse com-
pression where a pulse width 133 ps (FWHM) input pulse is
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(6+1)to 1 Combiner

Mirror

Input pulse laser
1550nm 1 W

Fiber coupled
pump modules Pump laser
980nm

Saturable absorber

Laser output

Er*3 doped fiber

8m

Fig. 1 Cavity arrangement for pulse generate through an erbium fiber ring laser.

compressed to 2.6 ps. The reason can be understood by not-
ing that a pulse of most fiber lasers exhibits sidebands on
both sides of the pulse and a red shift resulting from a change
in the group velocity as shown Fig. 2(b). Sidebands are
amplified through the gain provided by modulation instabil-
ity. Modulation-instability sidebands will overlap with the
origin pulse in addition, the input pulse compressed through
an interplay between SPM and GVD.

3.2 SPM Effects

To study how SPM affects the laser pulse whose propagation
in fiber laser using the parameters with the values y = 0.014,
0.024, 0.032, and 0.056 (W -m)~!,B, = —0.044 ps>/m,
g=0.46m!, and w = 1 THz, take advantage of the values
in Refs. 5, 41, and 42. Figures 3(a), 4(a), 5(a), and 6(a) show
the soliton propagation in fiber laser from z = 0 to 4 m and
the soliton amplitude increases exponentially and its width
decreases exponentially in the case of 7> T,. From

(a)

09}
08
07f
06

05F

Power(W)

041

03

02

01F

-60 -40 -20 0 20 40 60

Time(ps)

Power(W)

Figs. 3(b), 4(b), 5(b), and 6(b) one can conclude that the
maximum power at z = 8 m has the same value 600 W,
and produces a laser capable of generating a periodic
pulse train. An interesting approach based on the
concept of optical solutions pulses is that the pulse maintains
its shape during propagation in gain fiber and the nonlinear
effects in gain fiber are considered very important, because
the system produces high power.

3.3 Frequency Effects

In this case, we discuss the variables on the behavior of
the laser pulse as a result of increasing frequency as
w=0.5, 1, 2, and 3 THz for a fixed values of y =
0.056 (W -m)~!, B, = —0.044 ps?’/m, and g = 0.46 m™".
Figures 7(a), 8(a), 9(a), and 10(a) show that the laser
power grows exponentially with z and the optical pulses
maintain their shape during propagation for z =0 to 4 m,
modulation instability can convert a soliton into a train of

700

(b)

600 B

400 i

200+ B

Time(ps)

Fig. 2 The profiles of the parabolic pulse at (a) z=0m (b) z = 8m.

Optical Engineering

046101-5

April 2014 « Vol. 53(4)



Mohamed Al-zahy: Theoretical solution for nonlinear Schrodinger equation utilized. . .

2

Time(ps) 40 0 2(m)

4

Time(ps) -0 0 2(m)

Fig. 3 Optical pulse propagation through a ring fiber laser with parameters, y = 0.014 (W - m)~",
B, = —0.044 ps?/m, g =046 m',and w=1THz (a) z=0to 4 m (b)z=0to 8 m.

2

Time(ps) 40 0 2(m)

4

Time(ps) ‘100 2(m)

Fig. 4 Optical pulse propagation through a ring fiber laser with parameters, y = 0.024 (W - m)~",
B, = -0.044 ps?/m,g=046m',and w=1THz (a) z=0to 4 m (b) z=0to 8 m.

2

Time(ps) 40 0 2(m)

4

Time(ps) 100 2(m)

Fig. 5 Optical pulse propagation through a ring fiber laser with parameters, y = 0.032 (W - m)~",
B, = -0.044 ps?/m,g=046m "', and w=1THz (a) z=0to 4 m (b) z=0to 8 m.

short pulses, the maximum power is at z = 8 m with a
value ~600 W, the pulse width begins to broaden and
chaotic behavior appears with increasing the frequency.
Several mechanisms have been invoked to explain
such behavior, the frequency @ dependence of the group
velocity leads to pulse broadening simply because
different spectral components of the pulse disperse during
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propagation large rapid variations in the phase and the
width of the pulse can destroy a soliton if its width changes
rapidly through emission of dispersive waves. Dispersive
waves and solitons are resonantly amplified when
o = 2 and 3 THz, and such a resonance can lead to unstable
and chaotic behavior as shown in Figs. 7(b), 8(b), 9(b),
and 10(b)."?
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0
2

Time(ps) - 2(m)

Power(\W)

4

Time(ps) ‘100 2(m)

Fig. 6 Optical pulse propagation through a ring fiber laser with parameters, y = 0.056 (W - m)~",
B, = -0.044 ps?/m,g=046m ', and w=1THz (a) z=0to 4 m (b) z=0to 8 m.

Power(W)

Time(ps) 40 0

0 5
4

Time(ps) -0 0 2(m)

Fig. 7 Optical pulse propagation through a ring fiber laser with parameters, y = 0.056 (W - m)~",
B, = —0.044 ps?/m, g =046 m',and w =0.5THz (@) z=0t0o 4 m (b) z=0to 8 m.

Power(W)

Time(ps) = 2(m)

0

4

Time(ps) -0 0 2(m)

Fig. 8 Optical pulse propagation through a ring fiber laser with parameters y = 0.056 (W - m)~",
B, = —0.044 ps?/m,g=0.46 m~',and w=1THz (@) z=0to 4 m (b) z=0to 8 m.

3.4 Anomalous Group Velocity GVD Effects

An important question that we can answer with our model is
how the anomalous GVD affects the behavior of the pulse
propagation in fiber laser. When values of B, varies (—0.012,
-0.023, and —0.035) Ps?/m and, y = 0.056 (W - m)~!,

g=0.46 m™', and w = 1 THz. The results show solitons
can still form if the SPM effects are balanced by the average
dispersion and become stable during the first 4 m as shown in
Figs. 11(a), 12(a), and 13(a). It is found that the dispersion
induced broadening of the laser pulse and this leads to
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2

Time(ps) 400 2(m)

0 c
4

Time(ps)

z(m)

Fig. 9 Optical pulse propagation through a ring fiber laser with parameters, y = 0.056 (W - m)~",
B, = -0.044 ps?/m,g=046 m ', and w=2THz (a) z=0to 4 m (b) z=0to 8 m.

2

Time(ps) 40 0 2(m)

Power(W)

0

4

Time(ps) 2(m)

Fig. 10 Optical pulse propagation through a ring fiber laser with parameters, y = 0.056 (W - m)~",
B, = -0.044 ps?/m, g=046 m ', and w=3THz (a) z=0to 4 m (b) z=0to 8 m.

] -
2
00 g

Time(ps) 2(m)

0
4

Time(ps)

z(m)

Fig. 11 Optical pulse propagation through a ring fiber laser with parameters, y = 0.056 (W - m)~",
B, =-0.012 ps?/m,g=046m "', and w=1THz (a) z=0to 4 m (b) z=0to 8 m.

a reduction in the power with increasing the dispersion.
The dispersion effect is small on the shape of the pulse
because the cavity length is short, 8 m. The SPM
(ya?/169)[1 —exp(4gz)] became quite significant at
higher power levels, therefore solitons result from a balance
between anomalous GVD and SPM. Figures 11(b), 12(b),
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and 13(b) show the solitons can become unstable in the pres-
ence of GVD and break up into a train of short pulses at
a width (FWHM) 2.6 ps.

Our analytical solution shows that the phase of the laser
pulse depends on a nonlinear phase shift (ya?/16g)x

[1—exp(4gz)], dispersion shift a-+/y /2B, exp(gz)wT and the
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Power(\W)

0

-100 o

Time(ps) 2(m)

Power(¥)

Time(ps)

z(m)

Fig. 12 Optical pulse propagation through a ring fiber laser with parameters, y = 0.056 (W - m)~",
B, =-0.023 ps?/m, g=046m"',and w=1THz (a) z=0to 4 m (b) z=0to 8 m.

carrier frequency shift 1/2(B,w?z)[1+2a-1/y/2B,exp(gz)].
As a result, the gain coefficients play a dominant role to
change the pulse phase.

3.5 Gain Effects

A new feature is that the parameter g plays an important
role in determining the properties of the pulse.
Figure 14(a) shows the behavior of the pulse for net gain
g=0.1 m™! with the parameters y = 0.056 (W -m)~!,
B, = —0.044 ps’/m and @ = 1 THz. An important prop-
erty of optical solitons is that they are remarkably stable
against small perturbations a(z) and u(z). Physically,
this behavior can be understood by noting that a soliton
results from a balance between GVD and SPM. In this
case, the net gain is small compared with the other
cases. Therefore, the perturbations are weak,
a(z) = a-e% and u(z) = a-/y/2B,e'%) and the power of
soliton exponentially increased with increasing the length
of fiber laser beginning from 1 to 6.3 W at z = 8 m.
Input pulse width 133 ps (FWHM) compressed to 66.8 ps
because of the combination of anomalous GVD and SPM
that leads to soliton-effect compression and nonlinear effects

0

-100 o

Time(ps) 2(m)

Power(W)

(anomalous GVD and SPM) play an important role in this
case as shown in Figs. 14(b) and 14(c).

3.6 Comparing the Analytical Results with
Numerical Methods

Our results in regards to the parabolic shape of pulse Fig. (2)
and the behavior of the laser pulse have good agreement with
the results in Refs. 42 to 46. Comparing our analytical
method with a numerical method as split-step Fourier
method SSFM, it is important to understand the accuracy
and stability of the SSFM algorithm. Indeed, the step
sizes in z and ¢ must be selected carefully to maintain the
required accuracy of calculation, depending on the order
of the method used. There are many approximations in
split-step Fourier method SSFM. As an example, when
using the Baker—Hausdorff formula, the third order in 4 is
neglected. The loss operator is left out for simplicity.
Ignoring the third order terms and higher when using
Taylor expansion, the solution of Modified NLS and
Maxwell-Bloch equation (which describes the dynamic
response of a two-level system of optical amplifier and
fiber laser) is more accurate, however, we should bear in
mind that it is only applicable to the lower gain regime

Time(ps)

z(m)

Fig. 13 Optical pulse propagation through a ring fiber laser with parameters, y = 0.056 (W - m)~",
B, = —0.035 ps?/m, g=0.46 m~',and w=1THz (@) z=0to 4 m (b) z=0to 8 m.
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Power(W)
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Fig. 14 (a) Optical pulse propagation through a ring fiber laser. (b) Shape of the input pulse. (c) Shape of
the output pulse with parameters, y =0.056 (W-m)~', B, =-0.044 ps?/m, g=0.1 m~', and

w=1THz.

G =20 dB. In addition, this equation must be solved for
pulses whose width is shorter or comparable
with the dipole relaxation time (7, < 0.1 ps). The solution
becomes invalid under the condition 7 > T,.

4 Conclusions

By applying our technique to the NLS equation included
nonlinear optics as gain dispersion, anomalous GVD,
SPM, and gain, we have derived two differential equations
for the shape of the pulse and the phase. At high-level net
gain, solution of the equation plays the role to generate
a train pulse with (sech) shape through the fiber laser. We
have two periods to solution; the first z =0 to 4 m, the
pulse shape does not change and the second z =4 to
8 m, the modulation instability can convert a pulse into
a train of short pulses. It is evident that GVD and SPM
play a major role in establishing pulse train at a high-
power level. In our model, at T > T,, the power was
large enough to lead to considerable pulse narrowing during
the amplification process, and it provides an important refer-
ence for experimental research on optical pulse in fiber
lasers.
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