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ABSTRACT — In this paper, a stochastic term is
added to the classical generalized nonlinear
Schrodinger Equation to describe the noise
generated when light pulses propagate in a
fiber. It has been shown that the generated
supercontinuum light source fluctuates up to
50% of its output temporal intensity profile due
to noises of different sources. The simulation
method devised has been applied to the
propagation of finite energy Airy pulse in a
photonic crystal fiber and to study the
generated noise.
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|. INTRODUCTION

In order to study the nonlinear effects for the
pulse propagation in an optical fiber, the
nonlinear parameters of the medium as well as
the intensity of the pulse should be high
enough [1], [2]. The photonic crystal fibers
(PCF), in comparison with conventional
optical fibers, provide specific abilities such as
working in a single mode from infrared to
ultraviolet region [3]. Furthermore,
implementing changes in the geometry of PCF
structures, it is possible to change their
nonlinear parameters as well as dispersion. As
the light focuses into the core of photonic
crystal fibers, their nonlinearity effects will be
stimulated to further their applications.

There are numerous methods for finding the
propagation parameters of optical fibers [2],
such as beam propagation method [3], method
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of localized functions and finite elements
method [4], in the literature. Due to the large
variation in the effective refractive indices of
holey optical fibers, specific methods can
predict more accurate results for the
propagation parameters as compared with
other methods for different ranges of refractive
index.

By establishing classical theory for nonlinear
optics, it is known that the generation of new
frequency components and spectral broadening
are some of the inherent features of the
nonlinear optics. There are a vast number of
studies available in the field since 1970s [5].
The specific process in which an incident
pulse with a narrow spectral width undergoes
extreme broadening, generating an output with
extensive width, is known as Supercontinuum
Generation (SCG). SCG was reported in
optical fiber by Alfano in 1999 [6] for the first
time. SCG has many applications in
microspectroscopy [7], microimaging [8],
optical coherence tomography [9], [10] optical
frequency metrology [11] and histopathology
[12].

Supercontinuum process has a complicated
mechanism whose thorough analysis is
difficult. In accordance with this fact, many
investigators have done comprehensive
investigation on different mechanisms in SCG.
Important mechanisms in supercontinuum
process are the self-phase modulation (SPM)
[13], the cross phase modulation (XPM) [14],
the four wave mixing (FWM) [15], the
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stimulated Raman scattering (SRS) [16], the
self-steepening (SS) [17] and the soliton
fission [18]. Soliton fission is interpreted as
the split-up of high-order solitons into multiple
fundamental solitons leading to spectral
broadening. Third order dispersion, self-
steepening and Raman scattering are the
factors of soliton split up.

Generation of noise in fiber [19] or any other
dielectric used to generate supercontinuum
light source is the main cause of instability in
it and, therefore, reducing its applicability in
industry [20]. Depending on the parameters of
the input pulse, the noises cause fluctuation in
the supercontinuum generation spectrum [21].
There are many investigations available in the
literature where the noises participate in this
process are studied [21], [22]. The
fundamental part of this noise has its root in
quantum noise, which it is inherent in the
nonlinear process leading to this kind of
generated continuum light. This noise is
modeled by adding a noise term in the
generalized nonlinear Schrddinger equation
(GNLSE), and we call it a semi-classical
model, the term added to GNLSE, is a
quantum noise, which has been
phenomenologically sound term to be added to
the classical GNLSE. In this paper, we
simulate the supercontinuum generated in a
PCF by a finite energy Airy beam [23]. The
Airy beam was firstly observed in 1979 [24]
and was exploited in optics [23] three decades
later has vast interests and desirable features as
Airy pulses resist dispersion and their
dominant intensity peaks accelerate on
propagation [25]-[29]. Also, Ament et al [29]
studied, experimentally and theoretically,
supercontinuum generation process making
use of this type of pulse. When a symmetric
and compact pulse is used to generate
supercontinuum spectrum, generation of new
frequency ends when the pulse is transformed
into one or several fundamental soliton while
by applying a finite energy Airy pulse the
generation of new spectral components may
continue after the dominant peak of the
waveform has produced solitons [29].
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Il. THEORY

Taking into account a noise term, the
supercontinuum generation process becomes a
stochastic process [30], [31]. The stochastic
generalized nonlinear Schrddinger equation,
which is governing the supercontinuum
process, Is:
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where A(z,T), S, a yand R(T) are the

amplitude of the input pulse, the dispersion
coefficient of k™ order, the loss coefficient,
the nonlinear parameter and the response
function of the medium, respectively. Here,
also, &(z,T) is a real Gaussian stochastic

function [30] with the correlation relation as:
<§(Z11T1)§(221T2)>:5(21_22)5(1-1 _T2) (2)

The added noise term in Eq. 1 is the first
approximation to quantum noise. There are
other multiplicative noises which have
quantum roots. One of them, &£(z,T), is related
to the nonlinear parameter which has the
correlation relations [32]:

($(2, TS (2,,Ty)) =

7 (@)
@

0(z,-2,)0(T,-T,),
)

while the second one, 7(z,T), is related to

Raman effect with the correlation relations
[32]:

<77(211T1)77(22:T2)>: (4)
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where »"(w,) and ‘n’ are second derivative of

nonlinear parameter and number of photons,
respectively. Note that » '(w,) =y / @, . For the
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guantum Raman noise, it is evident from Eq. 4
that if there are no photons, there exists noise
owing to spontaneous Raman effects. Corwin
and his coworkers measured this noise [21]. In
addition to these noises, there are other kinds
of noises which correspond to the input pulse
and the impurities of the media; i.e. changing
refractive index randomly. We neglected the
guantum Raman noise and simulated Eq. 1
employing the split step method.

To solve the stochastic NLSE (Eq. 1), we
consider the fiber’s parameters as in [5]. In
order to take the Gaussian noise term into
account, we applied the Box-Muller algorithm
[33]. We study the propagation of a finite
energy Airy beam through a photonic crystal
fiber by considering:

A@z=0,T) = [R,exp(aT/T,) Ai(T/T,) (5)

where Po and ‘a’ are, respectively, the peak
power of the beam and specific parameter of
the Airy beam to ensure the Airy beam reaches
finite energy, where the specific parameter of
finite energy Airy beam should be 0O<a<1.
Here, the properties of the Airy pulse are
chosen from [29].

I11. NUMERICAL RESULTS

Supercontinuum  generation  process is
extensively studied by many groups [7],
however there are few works on noises
involved in this process [21], [34]. Here, in
order to indicate that noise can affect deeply
on the supercontinuum spectrum, we will
simulate Eqg. 1 with or without the noise term.
As mentioned earlier, the simulation
parameters for solving Eq. 1 are given in [5]
and [29] for a photonic crystal fiber and a
finite energy Airy pulse. Figure 1 shows the
normalized field profile and the normalized
intensity profile of a finite energy Airy pulse at
the PCF input.

Firstly, we solve the Eg. 1 neglecting the
stochastic term. From the practical
considerations, the stability, the accuracy and
the efficiency are the main issues to be
handled in a numerical method for proper
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solution of the partial differential equation. For
this reason, split step Fourier method is shown
to be stable for solving GNLSE as well as the
accuracy and efficiency. Figure 2 shows the
evolution of the pulse inside the photonic
crystal fiber in frequency and time domains.
Figure 3 shows the wavelength profile at the
output of the PCF, where the stochastic terms
in Eq. 1 is eliminated.
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Fig. 1. The time dependence of a finite energy Airy
pulse of Eq. 5 when a=0.11. Normalized field
amplitude (a) and normalized intensity profile of
this Airy beam (b) are shown.
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Fig. 2. Simulation results for the classical treatment
of the SCG along the first 15 cm of a PCF fiber,
when the stochastic term is not included. The
spectra of light pulse versus wavelength are shown
in (a), while the delay (+/-) with respect to the
group velocity of the generated SCG is shown in

(b).
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Fig. 3. The expected spectrum of light pulse versus
wavelength at the output of a 15 cm PCF employing
a classical treatment of noise in SCG is simulated
where the noise term was eliminated.
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Fig. 4. Simulation results for the semi-classical
treatment of the SCG along the first 15 cm of a PCF
fiber, when the stochastic term is included. The
spectra of light pulse versus wavelength are shown
in (a), while the delay (+/-) with respect to the
group velocity of the generated SCG is shown in

(b).

Now, an attempt was made to study the effect
of noise on the supercontinuum spectrum.
Therefore, we solve the Eg. 1 when the
stochastic terms are included. We have made
use of the Box-Muller algorithm to generate a
real Gaussian stochastic function and integrate
Eqg. 1 by split step method. Figures 4 and 5
show the simulation results for Eq. 1 in the
presence of stochastic terms. The evolution of
the light pulse along the PCF and the
wavelength profiles at the output are presented
in Figs. 4 and 5, respectively.

The two simulations (with and without
stochastic noise terms) show that how
stochastic noises affect the supercontinuum
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process. The stochastic terms create
fluctuations in the output profiles. Also, the
differences between two simulations can be
varied depending on the parameters of the
input pulse. So, the fluctuations make the
generated supercontinuum light by Airy pulse
to be noisy for some of its applications.
Soliton self-frequency shift phenomena occur
in supercontinuum generation process and
have applications in technology particularly
when one applies to Airy pulse (the solitons
which created in PCF may open a new
application). These fluctuations in the vicinity
of the created solitons will be at odds for new
applications.
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Fig. 5. The same as Fig. 3, but for the semi-classical
treatment of noise in SCG when the stochastic term
was included.
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IV.CONCLUDING REMARKS

Currently, the applicability of supercontinuum
light sources is known to scientific and
technological communities. However, these
new light sources suffer from noises which
could limit their applications. Part of these
noises is inherent quantum noises. In this
paper, in order to show these noises in final
supercontinuum spectrum from an Airy pulse,
we added, phenomenologically, a stochastic
term to the GNLSE. Then, we simulated the
GNLSE with and without this stochastic term.
To simulate Eq. 1 with stochastic term, the
Box-Muller algorithm is applied to generate
stochastic function and integrate Eq. 1 by split
step method. As we expected, our simulation
results indicated differences at the output. As
an example, the semi-classical model
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(Fig. 4(b)) predicts longer delay for the formed
soliton as compared with the classical result of
Fig. 2(b). Also, the soliton fission occurs at the
shorter travel distance of the pulse along the
fiber for the semi-classical model with respect
to the classical model. Although, the noises
exist in supercontinuum generation spectrum,
a detailed knowledge about their source and
their treatment is needed to be reduced and/or
to be engineered in favor of technologies. We
speculate that a quantum mechanical treatment
is needed for pulses as short as 1ps in order to
study these noises in supercontinuum
spectrum. There are several quantum theories
[34]-[36] for pulse propagation along optical
fiber in literature, but none of them are
suitable  for  supercontinuum  generation
process. We believe that by using a powerful
guantum scheme, the scientists and engineers
can be fully exploited supercontinuum light in
all its capacities. Because, the quantum theory
enables us to control the fluctuations and the
fluctuations in vicinity of the solitons can be
squeezed.
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