
Optik 158 (2018) 78–83

Contents lists available at ScienceDirect

Optik

j o ur nal ho me pa ge: www.elsev ier .de / i j leo

Role  of  parametric  gain  operator  for  the  higher-order
nonlinear  Schrodinger  equation

Mingxiang  Gui a,  Jing  Huang b,∗

a The First High School of Xiangtan, Xiangtan, Hunan, 411100 China
b Physics Department, South China University of Technology, Guangzhou, 510640 China

a  r  t  i c  l  e  i  n  f  o

Article history:
Received 10 June 2015
Received in revised form 10 October 2017
Accepted 5 December 2017

Keywords:
Parameter
Gain
Sideband
Supercontinuum

a  b  s  t  r  a  c  t

Based  on  the  separate  discussions  on  dispersion  and  nonlinear  effects,  the  parametric  gain
operator  is established  to exhibit  the  pump  field’s  impact  in the  process  of  the fast  and  wide

spectral  expansion.  The  condition  of  inducing  sideband  is that sin[

∞∑
n=2

(−1)n+1

n! ˇnωndz] = 0

has a solution  with  the  intensity  fluctuations  or cos[

∞∑
n=2

(−1)n+1

n! ˇnωndz]  = 0has  a  solution

with  a initial  phase.  The  initial  intensity  fluctuation  results  in a coherent  white  source
while  the initial  phase  modulation  cuts  down  this  band’s  width  but brings  the nearby  blue-
shift or red-shift  solitons  which  depend  on the  dispersion  coefficients.  Furthermore,  this
parametric  gain  operator  can  be  used  to  describe  the  phenomenon  of CW pump  inducing
solitons.

© 2017  Published  by Elsevier  GmbH.

1. Introduction

Supercontinuum(SC) light sources have been widely studied, but the mechanisms leading to the rapid and extreme spec-
tral expansion of the pump signal are not well understood. A crucial insight into the mechanisms underlying SC fluctuations
have been provided by Solli et al. who used a novel wavelength to time conversion technique to directly measure the statis-
tics of the shot to shot SC noise [1]. The continuum formation process accompanied with a cascade of Stokes Raman shifts
acts as a source of solitons that evolved from modulation instability(MI). Subsequently, the solitons experience Raman gain,
collisions and self Raman interactions leading to long wavelength broadening [2]. Numerical simulations and experimental
measurements have showed that, when a train of pulses was generated, strong ionization of the gas occurred. This extreme
MI can be used to experimentally generate a high energy and spectrally broad SC extending from the deep ultraviolet to the
infrared [3].

An aspect of SC generation in photonic crystal fiber(PCF) has been that the spectrum bandwidth and uniformity were
improved because of its sensitivity to noise [4]. In the femtosecond regime, the introduction of an initial positive chirp is
helpful for the increase of the continuum bandwidth and vice versa. An optimum positive chirp parameter exists corre-
sponding to the maximum spectral bandwidth. In the picosecond regime, however, the SC spectral shape and bandwidths

∗ Corresponding author
E-mail address: huanggesheng@tom.com (J. Huang).

https://doi.org/10.1016/j.ijleo.2017.12.009
0030-4026/© 2017 Published by Elsevier GmbH.

https://doi.org/10.1016/j.ijleo.2017.12.009
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2017.12.009&domain=pdf
mailto:huanggesheng@tom.com
https://doi.org/10.1016/j.ijleo.2017.12.009


M. Gui, J. Huang / Optik 158 (2018) 78–83 79

are almost the same for various initial chirp parameters [5]. Additionally, numerically investigation indicated that increasing
the spectral linewidth of the pump decreased the SC spectral width. MI  gain will be completely eliminated when the pump
bandwidth is equivalent to the MI  bandwidth [6]. The interplay between the effects of MI  and stimulated Raman scatter-
ing (SRS) has been validated via experimental results and resulted in a spectral broadening from 1350to 1700 nm [7]. On
the other hand, the Stokes bands falling within the normal dispersion regime and without undergoing significant spectral
broadening or soliton self-frequency shift dynamics while cascaded anti-Stokes Raman generation due to phase-matching
allowed by the group-velocity dispersion, was also reported in [8].

Experiment demonstrated that continuous-wave(CW) SC generation in optical fibers was  significantly enhanced by using
both multi-wavelength pumping and dispersion management where Raman-assisted MI,  soliton compression and dispersion
wave generation were induced [9]. The intensity fluctuations characteristic of temporal partial coherence CW pump sources
individually drove the continuum formation. For sources with sufficiently low coherence, these solitons actually underwent
fission rather than MI,  changing the nature of the CW supercontinuum evolution [10].

Some investigations adopted the generalized NLSE based on the slowly varying approximation [11]. But the SC generation
is a fast spectral expansion process, and it means the nonlinear coefficients determined by the transverse field’s distribution
are not constants and the approximation of the Raman gain as a linear function of frequency is not valid any more [12–14].
The corresponding adjustments with the transverse effect [15] and the second order partial differential of the longitudinal
to z should be directly added into the equation, are required [16]. Finally, it becomes unsolvable.

In this paper, we will separately adopt the results of dispersion and nonlinear effects on the field and build up the general
parametric gain(PG) operator for the analyses of SC generation, and thus it avoids the complex calculation and building of
modified NLSE [17]. Even in the case of fast varying envelope, the dispersion and nonlinear effects still affect the field at the
same forms when we calculate the field with sufficient short time and distance durations. For the initial stage, this treatment
to calculate the parametric gain is obviously reasonable.

2. Parametric gain operator

Taking the high order dispersion and nonlinear effects into account, the complex envelope of the pump field ε̃(z, t)
satisfies
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whereˇn are various dispersion coefficients at the pump frequency ω0 . ak, bk and ck are various nonlinear coefficients.
Strictly, all these coefficients are functions of ω in the process of SC generation, but in the start point of the PCF where MI
dominates, they can be treated as constants.

Even the launched pump field is not CW,  the results at the terminal will approach the same not for very long highly
nonlinear fibers(HNLF), so for simplification, at the fiber input, a continuous wave with a high power is transmitted. At
distance z, the extra phase induced by SPM effect can be represented as:

ϕ(z, ω) = i

∫ z

0
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Where ω is the frequency shift. Dispersion effect can be described by the matrix:∣∣∣∣∣∣∣∣∣
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The intensity fluctuation directly from (1) is

�P  =
∞∑
k=1

Pk0

∫ z

0

exp{2Re[ak − iωbk − i2ωck]dz − ˛dz} (4)

And another fluctuation induced by the dispersion and nonlinear effects is [18] :
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