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Abstract: In this paper we consider the influence of higher-order nonlinear effects like third-order dispersion, self-steepening
effect on the propagation characteristics of solitons. By solving the higher-order nonlinear Schrödinger equation we show
that the self-steepening effect can lead to the breakup of higher-order solitons through the phenomenon of soliton fission.
This effect plays an essential role in several nonlinear phenomena, in particular in the so-called supercontinuum generation
in optical fibers. Moreover, we can use third order dispersion to compress pulses as well as changing the frequency.
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I. INTRODUCTION

Soliton in optical fibers is formed by the balance between
self-phase modulation and dispersion caused by group ve-
locity. Optical solitons are not only predicted theoretically
[1-4] but they have also been observed experimentally [5,6].
Some possible applications of solitons such as optical pulse
compression, all optical switching, logic devices, etc., have
been proposed. The low-loss transmission of soliton in optical
fibers is described by the non-linear Schrödinger equation.
However, when pulse’s width T0 < 1 ps, in modeling the
propagation of ultrashort pulses, the higher order effects in
nonlinear media should be taken into account, and therefore
the governing equation should still include third-order disper-
sion (TOD) and self-steepening [7, 8]. The effect of TOD is
significant for fs pulses when the GVD is close to zero [1,6].
The Raman scattering can lead to the self-steepening effect,
which can lead further to the breakup of higher-order solitons
called soliton fission. This effect has an important contribu-
tion in the supercontinuum generation (SG) which is recently
a flagship application of photonic crystal fibers [10]. Injected

monochromatic pulse may be dramatically broadened (spec-
trally), which creates a coherent beam generation of high
brightness comparable to that of monochromatic lasers. In
optics, a supercontinuum is formed when a collection of non-
linear processes act together upon a pump beam in order to
cause severe spectral broadening of the original pump beam,
for example using a microstructured optical fiber. One of
these processes is just the soliton fission.

Such beams have wide applications, for example in trace
gas sensing in classical absorption spectroscopy, cavity-
enhanced absorption spectroscopy, cavity ring-down spec-
troscopy, and in a diverse range of fields, including optical
coherence tomography, frequency metrology, fluorescence
lifetime imaging, optical communications, and many others.
Therefore, consideration of soliton fission is very important
for better understanding of the SG mechanism.

In this work we use the generalized nonlinear Schrödinger
equation to study propagation of ultrashort optical pulses in
the presence of Raman scattering and third - order dispersion
effects. A systematic derivation of this equation has been pre-
sented in [11]. The numerical calculations will show that the
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envelope function becomes asymmetric and splits to several
subpulses during the propagation, so we have soliton fission.

II. THEORY

To study the influence of higher-order dispersion, self
phase modulation and self-steepening effects on the prop-
agation dynamics, we use a generalized scalar nonlinear
Schrodinger equation (GNLSE) to model the pulse propa-
gation inside the fiber [11]
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where A = A(z, t) is a complex envelop function of the opti-
cal field. This function varies slowly with time and z position
along the optical fiber; β1, β2 and β3 are first, second and
third-order dispersion factors, respectively; γ is the nonlinear
factor of the optical fiber; γTR term describes the Raman
scattering effect. The term having the factor 1/ω0 is related
to the self-steepening effect.

We can normalize equation (1) in the following way:
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where LD is the dispersive length, LN is the nonlinear length,
τ0 is the pulse width, P0 is the peak power of the input pulse,
and N characterizes the soliton order that provides the mea-
sure of the strength of the nonlinear response compared to
the fiber dispersion. We can rewrite the equation (1) in the
normalized form:
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We choose to rewrite the equation (1) in the form (3) be-
cause it is more convenient for the numerical calculations. In
the general case it is very difficult to find analytic solutions
of Eq.(3) and no such solution was known until now. For
the numerical solution of Eq. (3) we consider the following
expression:
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is a non-linear operator and is a function of

U (ξ, τ). Equation (4) was solved by using the fourth-order
Runge-Kutta method in the interaction picture using the fol-
lowing algorithm [9, 11]:
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We obtain the value of the envelope function in the location
ξ + ∆ξ
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In relations (5) FT and IFT denote the Fourier and inverse
Fourier’s transforms, respectively. Errors in applying (5) are
of orders (∆ξ)

5.

III. NUMERICAL RESULTS AND DISCUSSION

In the next numerical simulation we will consider that the
shape of initial pulse is defined as:

U (0, τ) = Nsech (τ) . (6)

Here N is the order of soliton, for N = 1, 2, 3, respectively,
the solitons are called fundamental soliton, second-order soli-
ton, and third-order soliton.

In the first case we study numerically by means of the
fourth-order Runge-Kutta in the interaction picture method
the impact of the self-steepening and self phase modulation
effects on the propagation characteristic of ultrashort pulses.
In this case, β2 = 0, β3 = 0, so we need to define a nor-
malized distance as ξ = z

LN
, the pulse propagation equation

reduces to the form
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Fig. 1. Influence of self-steepening and self phase modulation effect
on the propagation characteristic of ultrashort pulses

Fig. 1 shows the pulse shapes at ξ = 0, ξ = 10 and ξ = 20
for s = 0.3 and N = 1. From this figure we see that when
the pulse propagates inside the fiber, it becomes asymmetric,
with its peak shifting toward the trailing edge. Therefore, the
self-steepening can create an optical shock on the trailing
edge in the absence of GVD effects. This is due to the in-
tensity dependence of the group velocity such that the peak
moves at a lower speed than the wings.

Next, we investigated the changes of pulse under the influ-
ence of second order dispersion to the self-steepening effect.
Fig. 2 shows propagation of the ultrashort pulse with the
initial hyperbolic secant shape for s=0.3, and N =1 over the
distance ξ = 50. From this figure we see that the GVD dissi-
pates the shock and smoothens the trailing edge considerably.
For fundamental-order soliton the steepening of the trailing
edge is not very prominent and the intensity of the peak pulse

is constant during transmission. However, the self-steepening
still expressed through the change in the pulse center.

Fig. 3 shows the results for the case when the nonlinear
parameter s = 0.3 and the ultrashort input pulse has differ-
ent powers. The numerical calculations show that the en-
velope function becomes asymmetric and splits to several
subpulses during the propagation. Thus, the influence of the
self-steepening on the propagation of higher order-solitons
in optical fibers is the breakup of such solitons into their
constituents, a phenomenon known as soliton fission.

Now we consider the case when the pulse wavelength lies
in the vicinity of the zero-dispersion wavelength, the β3term
provides the dominant contribution to the dispersive effects.
In this case we can not use the above mentioned normaliza-
tion. To normalize the equation (1), we must choose scaling
parameters as follows
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and equation (6) is rewritten
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Fig. 4 corresponds to the case β2 = 0 (at the zero disper-
sion wavelength). The pulse amplitude of the vibration tail
which is formed at the back side of pulse decreases along
the optical fiber. The maximum of amplitude moves to the
positive direction of the axis. Numerical calculation shows
that the deformation of pulse caused by third-order disper-
sion at zero dispersion wavelength can limit the efficiency
of optical fibers information system. However, we can use
this phenomenon to compress pulses as well as change the
frequency.

Fig. 2. Propagation of the hyperbolic secant input pulse with the power parameter N = 1
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Fig. 3. Propagation of the hyperbolic secant input pulse with the power parameter N = 2 (a) and N = 3 (b)

Fig. 4. Propagation of the hyperbolic secant pulse with β2 = 0 over
the distance ξ = 12

IV. CONCLUSION

In this paper we investigate the influence of self-
steepening and higher dispersion effects on the propagation
characteristics of solitons in fiber. We show that third order
dispersion can lead to a pulse-breakup above a certain pulse
power. The influence of the self-steepening on the propaga-
tion of higher order-solitons in optical fibers is also inves-
tigated, and it is found that self-steepening can lead to the
breakup of higher-order solitons into N fundamental solitons.
These generated solitons have higher peak power and shorter
temporal duration. They propagate with a higher group veloc-
ity and red-shifted [10]. Simultaneously, non-solitonic radia-
tion emitted in the blue wavelength domain of spectrum cre-
ates a channel to lose energy. As a result, the phase-matching

conditions for the red-shifting solitons are fulfilled, which
leads to stimulating several other nonlinear effects as four-
wave mixing and cross-phase modulation. All these nonlinear
effects are able to fill the remaining gaps in the spectrum, so a
flat and broad spectrum can be obtained as white light callled
supercontinuum. Thus our results concerning soliton fission
will be used in a qualitative explanation of supercontinuum
generation in our future paper [12].
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