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Abstract

Supercontinuum generation has been the subject of extensive studies
in optical fibers and its special spectral shapes are of many interest
for a variety of applications. For input pulses in the femtosecond
regime, the dynamics of supercontinuum generation generation can
be broadly decomposed into two phases: an initial fission into an N
soliton dominated by the Kerr effect and second order dispersion; and
a subsequent redistribution of spectral energy where the Raman effect
and higher dispersion orders also play a role. In this work, these two
phases are exploited to numerically handle the spectral output in or-
der to adequately apply the supercontinuum generation phenomenon
to medical image techniques, specifically, optical coherence tomogra-
phy. The First part is focused on the development of methods that use
the properties of dispersive waves and the soliton self-frequency shift
to obtain simultaneous spectral peaks tuned on specific frequencies,
both of them sited on after the initial-fission scenario. Additionally,
it is shown a method to obtain an ultra-flat spectrum based on self-
phase modulation. The last effect is sited on before the initial-fission
scenario. Based on these methods, the results of this thesis show that
supercontinuum spectral output can be tailored to bell-shaped pulses
to optical coherence tomography applications, ultra-flat to telecom-
munications or any proposed spectral forms (conditions permitting),

resulting in a useful tool with great potential for many practical areas.
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Supercontinuum generation has been the subject of extensive studies
in optical fibers and its special spectral shapes are of many interest
for a variety of applications. For input pulses in the femtosecond
regime, the dynamics of supercontinuum generation generation can
be broadly decomposed into two phases: an initial fission into an N
soliton dominated by the Kerr effect and second order dispersion; and
a subsequent redistribution of spectral energy where the Raman effect
and higher dispersion orders also play a role. In this work, these two
phases are exploited to numerically handle the spectral output in or-
der to adequately apply the supercontinuum generation phenomenon
to medical image techniques, specifically, optical coherence tomogra-
phy. The First part is focused on the development of methods that use
the properties of dispersive waves and the soliton self-frequency shift
to obtain simultaneous spectral peaks tuned on specific frequencies,
both of them sited on after the initial-fission scenario. Additionally,
it is shown a method to obtain an ultra-flat spectrum based on self-
phase modulation. The last effect is sited on before the initial-fission
scenario. Based on these methods, the results of this thesis show that
supercontinuum spectral output can be tailored to bell-shaped pulses
to optical coherence tomography applications, ultra-flat to telecom-
munications or any proposed spectral forms (conditions permitting),

resulting in a useful tool with great potential for many practical areas.
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Introduction

A supercontinuum (SC) is a broad spectrum extending beyond all visible colors
with the properties of a laser, i.e. spatial and temporal coherent in all its com-
pound wavelengths. This particular process occurs when narrow-band incident
pulses undergo extreme nonlinear spectral broadening to yield a broadband (very
often a white light) spectrally continuous output. The first observation of a SC
dates to 1970, when Alfano and Shapiro focused powerfully picosecond pulses
into a glass sample [I]. Thenceforth, it has been the subject of numerous in-
vestigations in a wide variety of nonlinear media, including solids, organic and
inorganic liquids, gases, and various types of waveguides. Later, SC generation
was achieved in a conventional single mode optical fiber in 1987 [2,[3]. The physics
behind the process of SC generation in PCF has been studied since the results
of Ranka et.al., and several attempts have been made to explain the generated
broad bandwidth [4, B, 6]. The dominant nonlinear effects responsible for the
SC generation are expected to be self-phase modulation(SPM), self-steepening
(SS), intrapulse Raman scattering (IRS) and four-wave mixing (FWM). To ac-
quire a better understanding of the physical mechanism of the process, and to
study the effects of the SC generation in PCFs, simulations of SC generation in
PCFs become more and more significant in this area. Numerical modelling of SC
generation in PCF using femtosecond pulses was initially reported by Husakou
and Herrmann [7], and the crucial role of soliton fission in the spectral broad-

ening process was highlighted for the first time. That result was followed by a



1. INTRODUCTION

number of more careful comparisons between experiment and simulation, in both
the picosecond [4] and the femtosecond [5] regimes.

In the first SC generation experiments in optical fiber was injected high-power
pulses in the visible spectral region into standard silica-based optical fiber with
zero group velocity dispersion (GVD) wavelength [8]. Subsequent works, clarified
the importance of the mutual interaction between Raman scattering and self-
phase modulation (SPM), as well as the role of cross-phase modulation (XPM)
and various four-wave-mixing (FWM) processes in providing additional broad-
ening, and in merging discrete generated frequency components to produce a
spectrally smooth output [3, 9, [10]. The Raman and SPM-dominated broadening
in the above experiments was observed for the case of normal GVD pumping.
When pumping in the anomalous GVD regime, however, spectral broadening
arises from soliton-related dynamics. Several fiber designs have been proposed
to enhance the generated bandwidth. SC generation in photonic crystal fibers
(PCF) was demostrated in 1999 by Ranka et.al. [I1]. It was showed that suitable
design of the photonic crystal cladding could shift the zero dispersion wavelength
(ZDW) of a PCF to wavelengths shorter than the intrinsic zero ZDW of silica
around 1.3um [12]. Furthermore, reducing the effective area of the propagating
mode in this type of fiber enhanced the Kerr nonlinearity relative to a stan-
dard fiber, leading to significant new opportunities in nonlinear fiber optics [13].
The design freedom of PCFs has allowed SC generation to be observed over a
much wider range of source parameters than it was possible with bulk media or
conventional fibers. Because of the evident significance of PCF-generated SC,
a complete understanding of the various underlying physical mechanisms is of
prime importance.

As seen, SC generation is a complex mechanism where many effects that de-
pend on the associated variables to the laser source and the propagating medium
are implied, a simple change in the involved variables can lead to a significant
change in the spectral output, therefore its final spectral shape is not expected to
be trivial. Therefore, the develop of SC modelling techniques has been of interest
for many spectral applications. Among those techniques are the management
of effects such as dispersive waves [14], soliton self frequency shift (SSFS) [15],
the self-phase modulation (SPM) [16], etc. Based on those techniques, SC light



source finds numerous novel applications in the fields of telecommunications [17],
optical metrology [I§], and medical science. To mention a few examples, the in-
terest in applying SC sources in dense wavelength-division multiplexing (WDM)
transmission by slicing the broad spectrum of SC into hundreds of channels, and
utilizing an optical time domain multiplexing technique for each channel, trans-
mission bandwidths of terahertz can be achieved [19]. Also, the use of a SC source
in single-shot characterization of fiber optics components has been demonstrated
[20]. The continuum consists of millions of peaks equally spaced by the repeti-
tion rate of the laser [2I]. Indeed, the usage of the SC generated in a PCF in
the creation of a stabilized frequency comb provides convenient means to link
optical frequency standards together. In addition, the relationship between the
repetition rate of the pulses and the comb spacing has provided a link between
optical and microwave frequencies. This enables comparison of the performance
of Cesium atomic clocks with stabilized lasers. Talking about medical science,
the SC has been successfully used in medical imaging techniques like Optical co-
herence tomography (OCT) which is an optical signal acquisition and processing
method, where a clean bell-shaped spectral profile is essential because these pulses
avoid spurious structures in OCT images [22]. It captures micrometer-resolution,
three-dimensional images from within optical scattering media (e.g., biological
tissue) by an interferometric technique, typically employing near-infrared light.
The use of relatively long wavelength light allows it to penetrate into the scatter-
ing medium. Confocal microscopy, another optical technique, typically penetrates
less deeply into the sample but with higher resolution [23] 24] 25 26].
Considering the above information, this work is motivated by the interest on
develop methods of spectral handling for OCT applications specifically. These
methods are capable of finding the optimal input pulse parameters or the optimal
fiber dimensions needed to obtain an output spectra exhibiting multiple simulta-
neous peaks centered at pre-defined wavelengths using a single laser source, peaks
so far obtained only by using multiple laser sources [32} [33]. It is enabled by fiber
based illumination [27], 28] in the second near IR window (NIR II), where trans-
parency of the biological tissues increases and scattering decreases [25] 26], 29)].
Because of the typical dispersion landscape, sources in the NIR II window may

be based on Cherenkov radiation and bright optical solitons arising during SC
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generation through the intricate soliton fission effect [30, B1]. With this picture in
mind, these methods consist in analytic studies based on dispersive waves genera-
tion and by using computational genetic algorithms (GAs) for SSFS optimization.
Because a simple change in the involved variables can lead to a significant change
in the spectral output, GAs are seen as an adequate optimization tool to obtain
optimal parameters. All the work is supported by numerical simulations by codes
written on Matlab software. The simultaneous presence of the operating spectral
components can be used for real time imaging [34, 35]. The peaks we obtain are
dispersive waves and Raman solitons presenting a clean bell-shaped spectral pro-
file, essential for OCT [23], with widths providing a decent longitudinal resolution
lo = 10 pum [28]. The use of GAs generally requires a large amount of simulations.
For this reason we used the distributed computing (GRID) platform property of
the Universitat Politecnica de Valencia (Spain) to reduce the time required to
find the optimal solutions. The advantage of this infrastructure is that it enables
the use of the same code in a platform of scalable resources which are adapted
according to the needs of the particular problem.

This work is organized as follows. In Chapter [2, it is provided a physical
model of the nonlinear pulse propagation and a brief description about the main
nonlinear effects involved in the SC generation. The Fourier Split-step numerical
technique, useful to solve the NLSE, and a detailed description of the used genetic
algorithms (GAs) are presented. In Chapter |3| an understanding of how different
effects act individually for the spectral broadening under the femtosecond regime
is explained. It is shown, in chapter[d] a method to design a non-uniform standard
single mode fiber to generate spectral broadening in the form of “ad-hoc” chosen
simultaneous bell-shaped peaks from dispersive waves. The controlled multi-peak
generation is possible by an on/off switch of Cherenkov radiation, achieved by
tailoring the fiber dispersion when decreasing the cladding diameter by segments.

In chapter [5, it is shown a method that consists in obtaining firstly a sin-
gle peak frequency convertor and then a dual-pulse light source exhibiting two
predefined simultaneous spectral peaks based on SSFS. They are obtained by op-
timization of the input pulse parameters. This resulting spectral broadening has
a maximum spectral conversion for one or two simultaneous selected channels

in the anomalous region just by adjusting the three realistic controllable laser



parameters. The optimizations are performed using a GA designed to detect
configurations maximizing the soliton Raman shift in the SC spectral output.

In chapter [6] in order to prove the functionality of our method to obtain
a variety of spectral shapes, we obtain an ultra-flat spectrum centred in 1285
nm based on self-phase modulation broadening. Here it is reported a spectrum
exhibiting a 1-dB bandwidth of 90 nm and a 0.5-dB bandwidth of 50 nm, taking
advantage mainly of spectral broadening of pulses by the self-phase modulation
and self-steepening effects. The ultra-flat spectrum can be applied both, for OCT
and telecommunication applications.

Finally, in Chapter [7], it is summarized the results and further work for this

project.
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2

Supercontinuum modelling and

the genetic algorithms

The propagation of an electromagnetic wave or a pulse depends on the propa-
gation medium. The pulse propagates unchanged in vacuum, however, the elec-
tromagnetic field interacts with the atoms in a medium when it is propagating
which leads to experiment losses and dispersion. Dispersion occurs because dif-
ferent spectral components of the pulse travels at different velocities due to the
dependence of refractive index (n) on wavelength (X) (see. Section [3.5). In an
optical waveguide, the dispersion has an additional contribution due to light con-
finement. It is known as waveguide dispersion, which can not be suppressed
because of a frequency-dependent distribution of wave vectors (k vectors) in a
guided wave. Moreover, if the field intensity is enough high, the medium has a
nonlinear response. Most notably, the refractive index becomes intensity depen-
dent (Kerr effect) and photons interact with phonons of the medium (Raman
effect) [I]. Electromagnetic wave propagation in optical fibers is governed by
the generalized nonlinear Schrodinger equation (GNLSE) and, an efficient tool to
optimize the spectral output of the GNLSE are genetic algorithms (GAs). A ge-
netic algorithm (GA) is an optimization technique for searching very large spaces
that models the role of the genetic material in living organisms. Computational
techniques that emulate these optimization process has been developed in order
to optimize complex systems where many parameters are involved. Pulse pa-

rameters and fiber dimensions are optimized using GAs in this work. A small
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population of individual exemplars can effectively search for a large space because
they contain schemata, useful substructures that can be potentially combined to
make fitter individuals. Formal studies of competing schemata show that the
best policy for replicating them is to increase them exponentially according to
their relative fitness. This turns out to be the policy used by GAs. Fitness is
determined by examining a large number of individual fitness cases. This process
can be very efficient if the fitness cases also evolve by their own GA.

This chapter provides a physical model of the nonlinear pulse propagation and
a brief description about the main nonlinear effects playing an important role in
the SC generation when an electric field is propagated in an optical fiber. Then,
the Fourier split-step numerical technique useful to solve the NLSE. Finally, a
detailed description of the used GA are presented to completing the optimization

tools used in this work.

2.1 Nonlinear pulse propagation

To modelling the nonlinear pulse propagation in optical fibers is necessary to in-
clude the nonlinear polarization of the medium in Maxwell’s equations and derive
a second-order wave equation which is approximated to a first order propagation
equation for the pulse [2], B]. It is considered only a scalar treatment here.

In the first place, it is necessary to define the electric field (linearly polar-
ized along x) as: E(r,t) = $x{E(z,y, z,t) exp " +c.c}. In the frequency do-
main, the Fourier transform of FE(x,y, z, 1) is: E(x, Y, 2, w) = F(m,y,w)fl(z,w —
wy) exp™®* where A(z,w) is the complex spectral envelope, while wy is a refer-
ence frequency and f; is the wave number at that frequency. F(z,y,w) is the
transverse modal distribution.

The time-domain envelope is obtained as

Az, t) = F HA(z,w —wy)} = % /00 Az, w — wp) exp[—i(w — wy)t]dw, (2.1)

—0o0
where the amplitude is normalized such that |A(z,t)|* gives the instantaneous
power and F~1 denotes the inverse Fourier transform. Using this notation imple-

menting the change of variable 7" =t — ;2 to transform into a co-moving frame
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2.1 Nonlinear pulse propagation

at the envelope group velocity ; ', we obtain a time-domain generalized NLSE
for the evolution of A(z,T):

94« L kA
aa PN _pg 4
9. 3 ; ERPTY

— m(1+mhoeka%)(,4(z,T)/ R(TH|A(z, T — T)]2dT"). (2.2)

The left-hand side of this equation models linear propagation effects, with «
being the linear power attenuation and [ are the dispersion coefficients associ-
ated with the Taylor series expansion of the propagation constant $(w) around
wp (see Section . The right-side of the equation models the nonlinear effects,
where

w0n2(w0)

7T A (@) 2
is the nonlinear coefficient, ny(wp) is the nonlinear refractive coefficient and
Acrr(wp) is the effective modal area, both of them are evaluated at wy. The Ra-
man response function is R(T) = [1 — fz]6(T) + frhr(T)I(T), where fr = 0.18
is the fractional contribution of the Raman response (see Section , hg is the
commonly used Raman response of silica [4], and §(7") and II(T") are the Dirac
and Heaviside functions, respectively. The input pulses in our modeling are taken

as

A(z=0,T) =/ Pysech(T/Ty) (2.4)
with Ty = T(2 = 0) = Trwaa/2In[1 + /2], where Trw s is the full width at
half maximum. With these parameters, the soliton order is given as

P
N =Ty |20 (2.5)

82|
The time derivative term on the right-hand side of Eq. models the dis-
persion of the nonlinearity such as self-steepening and optical shock formation,

characterized by a time scale Ty = To = 1/wp. Additional dispersion arises

15



2. SUPERCONTINUUM MODELLING AND THE GENETIC
ALGORITHMS

from the frequency dependence of the effective area, and 7y, can be generalised

to account for this in an approximate manner [2].

2.1.1 Fourier split-step numerical solution

The greater relative speed of this method compared with most finite difference
methods can be attributed in part to the use of the finite-Fourier-transform (FFT)
algorithm. Although finite difference methods are more accurate than split-step
fourier method, the numerical conditions used in this work make that the relative
error can be neglected. To understand the split-step Fourier method, it is useful
to write Eq. formally in the form

%—Z - (ﬁ + JV) U (2.6)
where U = A/+/P, is the normalized amplitude, £ = 2/Lp is the normalized
distance using the Lp scale, D is a differential operator that accounts for disper-
sion in a linear medium and N is a nonlinear operator that governs the nonlinear

effect on pulse propagation [4]. These operators are given by

S~ =Y 9
D= 5 ﬁk@Tk -3 (2.7)
E>2
. 2i 0 0| AJ?
_ 2 e 2 o
N =iy (|A\ a7 (|A[PA) — T 5T ) : (2.8)

In general, dispersion and nonlinearity act together along the length of the
fiber. The split-step Fourier method obtains an approximate solution by assum-
ing that in propagating the optical field over a small distance h, the dispersive
and nonlinear effects can be considered to act independently. More specifically,
propagation from £ to £+ h is carried out in two steps. In the first step, nonlinear-
ity acts alone, and D= 0, in Eq. . In the second step, dispersion acts alone,
and N = 0. Both the linear and the nonlinear parts have analytical solutions,
but the nonlinear Schrodinger equation containing both parts does not have a

general analytical solution. Mathematically

U(&+h,T) = exp(hD) exp(hN)U (£, T). (2.9)
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The execution of the exponential operator exp(hﬁ) is carried out in the

Fourier domain using the prescription

exp(hD)U (£,T) = {g—l exp [hﬁ(iw)] sf} U(E,T) (2.10)

where F denotes Fourier transform operation and w is the frequency. Since ﬁ(zw)
is just a number in the Fourier space, the evaluation of Eq. is straightfor-
ward. The use of the FFT algorithm makes the numerical evaluation of Eq.
relatively fast. It is for this reason that the split-step Fourier method can be
faster by up to two orders of magnitude compared with most finite difference
schemes.

To estimate the accuracy of the split-step Fourier method, we note that a
formally exact solution of Eq. is given by

U(E+hT) = exp [h(ﬁﬂv)} U(E,T), (2.11)

using Baker-Hausdorff theorem we can see the solution [5]

U(E+h,T) = exp (h(f))) exp (h(ﬁ)) U(ET), (2.12)

which is a quick and simple equation for numerical analysis of pulse propagation

in dispersive and nonlinear media.

2.2 Genetic algorithms and GRID platform

The GA associates the genome | g) = [g1, g2, 3], with the spectral output of each
pulse propagation simulation characterizing each individual of the population,
and applies a minimization strategy to find the solutions taking the minimum
values of a fitness function.

Because exhaustive enumeration of the search space is in general impractical,
the GA (meta-heuristic algorithms) accepts solutions which approximate to a
global optima, but may not exactly match it, what provides shorter runtime.
Here the genetic operators responsible for the population evolution towards to the
minimum fitness value ¢,,;, are mainly the identity operator I, random generation

R, mutation M and crossover X.
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Random generation is regarded as

) R, 0 0
RI¢g)=1] 0 R 0 |[¢)—|g), (2.13)
0 0 Ry

where Ry, are the random generators (creators) obeying a uniform statistical dis-
tribution and | ¢) is the zero or vacuum state. The mutation 9 :| g) —| ¢') uses
polynomial mutation [6] for real coded problems (continuous valued variables),

and generates the new genes as

9 = gk + meApC; mi = O(uy, — ;), (2.14)
where Ay, is half of the allowed interval for each variable, © is the Heaviside step
function and uy € [0, 1] a uniform random number, so in average, only one gene
is mutated per individual when mutation is applied. ¢, € [~1,1] satisfies the
normalized probability distribution &,,(¢) = 0.5[n+ 1[1 —|¢|]"] with the factor of
probability distribution n = 20 (see fig. ) P becomes the normal distribution
for n = 0 or it is very peaked around zero for n > 1, so it is clearly distinguished

from Rj. The stochastic variable is chosen via a new random u;, € [0, 1] as

) ¢
Co=¢ |/1 2, (C)dC = ug: ug € [0, 1], (2.15)

Cross-over generates two childs | g>*) by combining two parents, | g,%), with-
out destroying the last, i.e., X[| g;)". [ g;)". [ )7, | &)T]" = [l g5)". | g2) 7. 90)7. |
gHT])T. We have used SBX (Simulated Binary Crossover) [7] and the [12 x 12]

operator

~> O»>

1
0 A 1+o
; (as)y, = xk—k(jk,; z = O(u, — 0.05), (2.16)

ap 2

S
Il

O O O O

O O O O

G- Gy

where 0 = 0 x I. . The crossover activators, xy, set a probability for cross over

of 95% per gene (note (ét) ;;, preserve the average value of each parameter under
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crossover, |2, — g | = |92, — g4|). The stochastic variables in this case, ;. (see
fig. 2.1p), are again chosen from w; € [0, 1],

I o [ 05(n+1)e", o<1
o) = 0/0 P (0)do = uy; P(o) = { 05(n + Do), 551 - (2.17)

10 a) 10 (b)

0n=0 j/\\\\(ms n=0 jﬁ@zs

Figure 2.1: Probability distributions for the stochastic variables involved in (a)

polynomial mutation and simulated binary crossover in (b).

Most of traditional GA are generational, i.e., start from a randomly gener-
ated population and the most promising individuals are allowed to reproduce to
determine the next generation of individuals, according to the pre-established
evolution rules (parent selection method, definition of M . X and their rates, to
obtain the offspring for the next generation). Most parent selection methods are
stochastic in order to keep the diversity of the population, preventing prema-
ture convergence to a sub-optimal solution. A steady state GA has been used,
changing one member of the population at a time. This allows computation of
several fitness in parallel (after an initial population p has been built) and pro-
cessed once they are available. To this end, a replace the worst strategy has been
adopted, which fully exploits the processing power of a Grid platform, keeping it
constantly computing new individuals. The algorithm decides what to do with

the generated individuals in the first stage and in the second stage how to make
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the new ones. In the former, a newly generated individual is added to the pop-
ulation (regardless its ¢) if the size is less than p. If the current population is
already p, the new candidate replaces the individual with the worst (biggest) ¢ if
any, or it is discarded. The second stage is to generate new individuals to be sent
to the Grid for evaluation. This is done by R if population is smaller than the
threshold value ¢ (¢ < p), or by the genetic operators A and X otherwise. Whilst
M provides diversity to the population, X pulls the new individuals closer to the
currently lowest ®. Generation is thus a not well defined concept of our scheme,
since an individual survival is guaranteed until it becomes the worst one (higher
fitness value) in the population. In that sense, the identity operator 7 is always
present in the system and only mutation and cross-over are explicitly applied to
generate off-springs.

It is convenient to establish a distinction between two different categories of
parameters that can be optimized: external and structural. External parameters
are those whose characteristics can be modified in real time, the properties of the
pump pulse can be included in this category: e.g., its temporal width (7p), wave-
length (Ag), power peak (F), chirp (C), polarization (P), etc. On the contrary,
structural parameters can not be changed once established unless the medium
is physically modified. These are, for example, all the non-tunable fabrication
parameters of the optical fiber as well as other further fiber modifications such
as taper profiles, Bragg or long period gratings, etc.

Since it is wanted to tailor the spectral output by searching the adequate fiber
properties, the objective is to manipulate only the fiber parameters in chapters
M and [fl On the other hand, the laser characteristics are only manipulated as
external parameters to optimize the Raman conversion through SC generation in
chapter [ Every set of input pulse parameters along with their corresponding
fitness function constitutes an individual. In order to clarify the exposition, we
provide a descriptive chart of the algorithm in fig[2.2]

At stage one, the algorithm generates a random population by evaluating the
output spectra of p randomly selected individuals (i.e., p different sets of input
pulse parameters) using Eq. and evaluating their corresponding fitness func-
tion. At stage two, the GA starts to act properly by generating new individuals

using genetic operators successively. The population dimension is always kept
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INITIAL EVOLUTIONED
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Figure 2.2: General diagram of the operation of the GA using a GRID platform.
The process causes the mean fitness improvement in the population. After m
executions, the best individual is picked from the evolved population and chosen

as optimal solution.

equal to p. In general terms, the GA substitutes the worst individual of the pop-
ulation (largest fitness value) by a better one (with lower fitness value) in each
new generation. More specifically, the computational platform (in our case, the
Grid) generates new individuals, as many as the computational infrastructure
permits, by running Eq. using new sets of input external parameters, each
set defining a new individual. These new sets of parameters are determined by
the action of genetic operators on the set of parameters of the population of the
previous generation. Roughly speaking, genetic operators mix the parameters
of the best individuals contained in the previous generation (parent selection).
Most parent selection methods are stochastic in order to keep the diversity of the
population, preventing premature convergence to a sub-optimal solution. Each

new computed individual is compared against all members of the population of
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the previous generation. Only if the new individual presents a better fitness value
than that of the worst element of the previous generation, it is accepted. Thus, a
new generation with a better average fitness is created. This process is repeated
m — p times, so that the total number of executions is m. The value of the total
number of executions m is selected in function of the convergence behavior of the
GA. At the three and final stage of the process, the best individual of the final
population with the lowest fitness is selected as the optimum. This individual is,
by construction, the most evolved one and the parameters which characterize it
are selected as the optimal ones.

The amount of combinations of parameters evaluated has an important im-
pact on the ability of the GA to find an optimum solution. The time-machine
cost exceeds the computational capabilities of a single machine, this is one of
the reasons why the deployment of the GA is performed using distributed com-
puting in the form of a Grid platform. Moreover our optimization problem with
a potentially very high throughput can be efficiently addressed in an inherently
scalable platform as the Grid. For our particular optimization problems, we have
used, although we are not restricted to, an integrated computational approach
in the form of a cluster of PC’s within a Grid infrastructure. The usage of Grid
protocols to support these executions makes possible to provide the GA with a
scalable solution for more demanding computational necessities. If due to opti-
mization requirements, for example, by increasing the dimension of the search
space, additional computational resources are required, the Grid infrastructure
can be transparently enlarged by adding new networked computational facilities
(computer clusters, supercomputers, etc). Our particular scheme of the Grid is
provided by a simple arrangement of a number of PC’s machines (50 in our case)
controlled by a master computer. The purpose of the Grid is to take advantage of
the large quantity of accessible processors in order to execute as many simulations
as possible simultaneously. This feature results in a much faster an efficient use

of the GA reducing considerably the overall optimization time.

22



References

1]

2]

J. M. Dudley and J. R. Taylor, “Supercontinuum generation in optical fibers,”
(Cambridge, 2010).

K. J. Blow and D. Wood, “Theoretical description of transient stimulated
Raman scattering in optical fibers,” IEEE J. Quant. Electron. 25, 2665-2673

(1989). [14]

J. Laegsgaard, “Mode profile dispersion in generalised nonlinear Schrodinger
equation,” Opt. Express 15, 16110-16123 (2007).

G. P. Agrawal, Nonlinear Fiber Optics, 4th ed. (Academic Press. 2007). ,
110l

Y. Bashkatov, B. Tsyganok, V. Khomenko, N. Kachalova, V. Voitsekhovich,
and I. Uvarova, “Modeling supercontinuum generation in microstructured
fibers by femtosecond pump pulses using Split-Step Fourier method,” Elec-
tronics Technology (ISSE), 2012 35th International Spring Seminar. 9-13
May (2012).

K. Deb,, Multi-Objective Optimization using Evolutionary Algorithms (Wiley
& Sons, 2001).

R. B. Agrawal and K. Deb, Simulated Binary Crossover for Continuous
Search Space (Technical report, 1994).

23



REFERENCES

24



3

Dynamics of supercontinuum

Supercontinuum (SC) generation involves the interplay between nonlinear and
linear effects that can occur during the propagation of an optical field. SC gen-
eration is a process where laser light is converted to light with a very broad
spectral bandwidth (i.e., low temporal coherence), whereas the spatial coherence
mostly remains the same. The spectral broadening is usually accomplished by
propagating optical pulses through a strongly nonlinear material like bulk glass.
Alternatively, sending pulses with low energy through an optical fiber, it is pos-
sible to have a considerably higher nonlinearity and also a waveguide structure
which ensures a high beam quality. In some cases, tapered fibers can also be used
(see Chapters {4 and @ Of special interest are photonic crystal fibers (see Chap-
texd]), mainly due to their unusual chromatic dispersion characteristics, which can
allow a strong nonlinear interaction over a significant length of fiber.

Even with fairly moderate input powers a very broad spectrum is achieved.
The physical processes behind SC generation in fibers can be very different, de-
pending particularly on the chromatic dispersion and length of the fiber (or other
nonlinear medium), the pulse duration, T}, the initial peak power, Py and the
pump wavelength, \g. When femtosecond pulses are used, the spectral broaden-
ing can be dominantly caused by self-phase modulation (SPM) in normal disper-
sion. In the anomalous dispersion regime, the combination of SPM and dispersion
can lead to complicated soliton dynamics, including the split-up of higher-order
solitons into multiple fundamental solitons (soliton fission). For pumping with

picosecond or nanosecond pulses, Raman scattering and four-wave mixing can be
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important. SC generation is even possible with continuous-wave beams, when
using multi-watt laser beams in long fibers; Raman scattering and four-wave
mixing are very important in that regime. In this chapter, an understanding of
how different phenomena act individually for the spectral broadening under the

femtosecond regime is explained.

3.1 Dispersion

Dispersion arises because the frequency variation of the effective index of the
guided mode depends on both material and waveguide contributions (frequency-
dependent distribution of wave vectors). Even speaking of a monochromatic
pulse, frequencies associated near the central frequency exist, because of this,
it is better named quasi-monochromatic pulse. This work takes into account
only the chromatic dispersion of the fundamental guide mode. However, more
generally, it is also necessary to consider additional dispersion contributions due
to polarization mode dispersion in the case of a birefringent fiber or the higher
order intermodal dispersion between transverse modes in a multimode fiber.

Optical pulse transmission suffers distortion of pulse shape from chromatic
dispersion. This is true, in particular, when the pulse is produced by a partially
coherent light with a substantial spectral width. For example, a directly mod-
ulated semiconductor laser with multi longitudinal modes brings about a pulse
degradation caused by the modal dispersion [I]. Kapron and Keck [2] calculated
the distortion of a Gaussian pulse after transmission through a single-mode fiber
by monochromatic light. Their result is showed in fig 3.1} Here, the pulse broad-
ening is caused by the fiber dispersion of frequency components inherent in the
finite width of the input pulse.

Generally the refractive index decreases as wavelength increases, blue light
traveling more slowly in the material than red light. Dispersion is the phenomenon
which gives the separation of colors in a prism. It also gives the generally unde-
sirable chromatic aberration in lenses. When an electromagnetic wave interacts
with bound electrons of a dielectric, the medium response in general depends of

the optical frequency. This property is referred to as chromatic dispersion. On
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T (a.u.)

Figure 3.1: Gaussian pulse evolution due to dispersion effect.

a fundamental level, the origin of chromatic dispersion is related to the charac-
teristic resonance frequencies at which the medium absorbs the electromagnetic
radiation through oscillations of bound electrons [3].

Far from the medium resonance, the refractive index is approximated by the

Sellmeier equation,

Bjw?

2 3%
w) = 3.1
n*(w) +J21 p—y (3.1)

where w; is the resonant frequency and B; is the strength of the resonance.
Fiber dispersion plays a critical role in propagation of short optical pulses
since different spectral components associated with the pulse travel at different
speeds given by ¢/n(w). Even when the nonlinear effects are not important, dis-
persion induced pulse broadening can be detrimental for optical communications
systems. In the nonlinear regime, the combination of dispersion and nonlinearity
can result in a qualitatively different behavior. Mathematically, the effects of

fiber dispersion are accounted for by expanding the mode propagation constant
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[ in a Taylor series about the central frequency wy:

n—=

Blw) = Z %Bn (w — wo)", (32)
0
where

arp
dw™

B = [ Lwo; (m=0,1,2,3..). (3.3)

The pulse envelope moves at the group velocity V, = 1/, while the parameter

[ is responsible for pulse broadening.

3.2 Self-phase modulation

The greater intensity portions of an optical pulse encounter a higher refractive
index of the medium compared with the lower intensity portions while it travels
through the medium. In fact time varying pulse intensity produces a time vary-
ing refractive index in a medium that has an intensity-dependent refractive index.
The leading edge will experience a positive refractive index gradient (dn/dt) and
trailing edge a negative refractive index gradient (-dn/dt). This temporally vary-
ing index change results in a temporally varying phase change. The optical phase
changes with time in exactly the same way as the optical signal [4]. Since, this
nonlinear phase modulation is self-induced the nonlinear phenomenon responsible
for it is called Self-phase modulation (SPM). Different parts of the pulse undergo
different phase shift because of intensity dependence of phase fluctuations. This
results in frequency chirping. The leading edge of the pulse has a frequency shift
in the upper side whereas the trailing edge experiences a frequency shift in the
lower side. Hence, the primary effect of SPM is to broaden the spectrum of the
pulse [5], keeping the temporal shape unaltered. The SPM effects are more pro-
nounced in systems with high-transmitted power because the chirping effect is
proportional to transmitted signal power. The phase (f) introduced by a field £
over a fiber length L is given by

0 =—nL (3.4)
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where A is wavelength of optical pulse propagating in fiber of refractive index n,
and nL is known as optical path length. For a fiber containing high-transmitted

power, n and L can be replaced by n.ss and Leyy, respectively i.e.,

27
0= —nerrless (3.5)
or
2
0 = 7 (nl + Tlnl[) Leff. (36)

The first term on the right hand side of Eq. refers to linear portion of
phase constant (;) and second term provides nonlinear phase constant (6,;). If
the intensity is time dependent i.e., the wave is temporally modulated then the
phase will also depend on time [6]. This variation in phase with time is responsible

for change in frequency of the spectrum, which is given by
_do
St
In a dispersive medium a change in the spectrum of temporally varying pulse

w

(3.7)

will change the nature of the variation. To observe this, let’s consider a Gaussian
pulse, which modulates an optical carrier frequency w and the instantaneous
frequency becomes,
de
/
W =wy+ —. 3.8
ot (38)
The sign of the phase shift due to SPM is negative because of the minus sign
in the phase expression, (wt — kz), therefore w becomes,
21 dl

w’ = Wy — TLeffnnl%. (39)

In the leading edge of the pulse, dI/dt > 0 hence

W' = wy + w(t), (3.10)

and in the trailing edge dI/dt < 0 so,

W =we —w(t). (3.11)
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where,

2T dl
w(t) = TLeffnnl%. (312)

This shows that the pulse is chirped i.e., it varies on frequency across the
pulse. This chirping phenomenon is generated due to SPM, which leads to the
spectral broadening of the pulse. There is broadening of the spectrum without
any change in temporal distribution in case of SPM, while in case of dispersion,
there is broadening of the pulse in the time domain and spectral contents are
unaltered. In other words, the SPM by itself leads only to chirping, regardless
of the pulse shape. Dispersion is responsible for pulse broadening. The SPM
induced chirp modifies the pulse broadening effects of dispersion.

In general, the spectrum not only depends on the pulse shape but also depends
on the initial chirp imposed on the pulse. Figure shows the spectra of an

unchirped Gaussian pulse for several values of the maximum phase shift 6,,4..

N A AN

o(a.u.)

Al (a.u.)

Figure 3.2: SPM-broadened spectra for an Gaussian pulse. Spectra are labeled

by the maximum nonlinear phase shift 0,4, [3].

In solitons, SPM also leads to chirping with lower frequencies in the leading
edge and higher frequencies in the trailing edge. On the other hand the chirp-
ing caused by linear dispersion, in the wavelength region above zero dispersion
wavelength, is associated with higher frequencies in leading edge and lower fre-
quencies in the trailing edge. Both these effects are opposite. By proper choice
of pulse shape (a hyperbolic secant-shape) and the power carried by the pulse,

one effect can be compensated with the other. In such situation the pulse would
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propagate undistorted by mutual compensation of dispersion and SPM. Such a
pulse would broaden neither in the time domain (as in linear dispersion) nor in
frequency domain (as in SPM) and is called soliton [7,[8]. Since soliton pulse does
not broaden during its propagation, it has tremendous potential for applications

in super high bandwidth optical communication systems.

3.3 Cross-phase modulation

The SPM is the major nonlinear limitation in a single channel system. The inten-
sity dependence of refractive index leads to another nonlinear phenomenon known
as cross-phase modulation (XPM). When two or more optical pulses propagate
simultaneously, the cross-phase modulation is always accompanied by SPM and
occurs because the nonlinear refractive index seen by an optical beam not only
depends on the intensity of that beam but also on the intensity of the other
copropagating beams [9]. In fact XPM converts power fluctuations in a partic-
ular wavelength channel to phase fluctuations in other copropagating channels.
The result of XPM may be an asymmetric spectral broadening and distortion
of the pulse shape. The effective refractive index of a nonlinear medium can be

expressed in terms of the input power (P) and effective core area (A.ss ) as,
Neff =My + nnlAi (3.13)

eff

If the first-order perturbation theory is applied to investigate how fiber modes
are affected by the nonlinear refractive index, it is found that the mode shape

does not change but the propagation constant becomes power dependent.

k‘eff =k + k P (314)

where k; is the linear term of the propagation constant and k,; is the nonlin-
ear propagation constant. The phase shift caused by the nonlinear propagation

constant in traveling a distance L.y inside the fiber is given as

Leyy
gnl = / (k’eff - k‘l)dz (315)
0
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Using Egs. 3.15| nonlinear phase shift becomes,

enl = kaninLeff (316)

where P, is the input power. When several optical pulses propagate simulta-
neously the nonlinear phase shift of first channel 6}, not only depends on the
power of that channel but also depends on signal power of other channels. For

two channels of power Py and P, 6}, can be given as,

0 = keprLepp (P + 2P) (3.17)

For N-channel transmission system, the shift for the ¢ — th channel can be

given as [

N
O = kiepsLess (Pi +2 Z Pn) : (3.18)

n#i

The factor 2 in above equation has its origin in the form of the nonlinear
susceptibility [3] and indicates that XPM is twice as effective as SPM for the same
amount of power. The first term in above equation gives the contribution of SPM
and the second term gives that contribution of XPM. It can be observed that XPM
is effective only when the interacting signals superimpose in time. XPM hinders
the system performance through the same mechanisms as SPM: chirp frequency
and chromatic dispersion, but XPM can damage the system performance even
more than SPM. XPM influences the system severely when number of channels

is large.

3.4 Soliton fission

Supercontinuum generation with anomalous GVD regime pumping is dominated
by soliton-related propagation effects. The most important of these, in the initial
stages, is the soliton fission process, whereby a pulse with sufficient peak power

to constitute a higher-order soliton is perturbed and breaks up into a series of
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3.4 Soliton fission

lower-amplitude subpulses. The soliton order of the input pulse, N, is determined
by both pulse and fiber parameters through the expression
Lp
N = I, (3.19)
where Lp = T¢/|2| and L,; = 1/vP, are the characteristic dispersive and non-
linear length scales, respectively.

In the femtosecond regime, higher-order dispersion and Raman scattering are
the two most significant effects that can perturb the ideal periodic evolution of
the soliton and induce pulse breakup through soliton fission. Which of the two
effects dominates depends primarily on the input pulse duration. For input pulses
of durations exceeding 200 fs, the input pulse bandwidth is sufficiently low that
the Raman perturbation generally dominates, whereas for pulses of duration less
than 20 fs, it is the dispersive perturbation that induces the pulse breakup.

Each resultant pulse of the breakup is a constituent of the fundamental soli-
ton and the number of pulses is equal to the incident pulse soliton order. The
individual solitons are ejected from the input pulse in an ordered fashion one
by one. The ejected solitons are arranged by peak power with the highest peak
power solitons exhibiting the largest wavelength relative to the frequency pump.

Explicit expressions for the constituent fundamental soliton amplitude A,
in terms of the parameters of the injected N-order soliton have been obtained

theoretically by Kodama and Hasegawa [10] as

T
Ai(2,T)=+/P; sech(f) j=1..,N, (3.20)
J

where P; = Py(2N — 25+ 1)* and T; = Tp/(2N — 2j + 1) are the peak power
and temporal width, respectively. Solitons that are ejected earlier have higher
amplitudes, shorter durations, and propagate with faster group velocities.

The distance at which fission occurs generally corresponds to the point at
which the injected higher-order soliton attains its maximum bandwidth. A num-
ber of empirical expressions for this characteristic distance have been obtained in
the context of soliton-effect compression [I1) [12], but for our purposes we have
found that this fission distance can be usefully defined as Ly ~ Lp/N. It is
shon in fig. |3.3]
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3. DYNAMICS OF SUPERCONTINUUM

z (a.u.)

Figure 3.3: Evolution in a uniform SMF showing the soliton fission process, where
solitons S; are ejected after z = Ly;s,. The black line represents the frequency

associated to the zero group velocity dispersion (zGVD) wavelength.

3.5 Dispersive waves

The presence of higher-order dispersion can also lead to the transfer of energy
from the soliton to a narrow-band resonance in the normal GVD regime, and the
associated development of a low amplitude temporal pedestal [13]. The position of
this resonance can be readily obtained from a phase-matching argument involving
the soliton linear and nonlinear phase and the linear phase of a continuous wave
at a different frequency [14} [15], [16].

Fundamental solitons, although robust as they propagate in general, are sus-
ceptible to perturbations such as higher order dispersion and the resultant insta-
bility manifests as a nonsolitonic radiation (NSR) at a particular frequency [17].

Essentially, a resonance condition involving higher-order dispersion terms comes
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3.5 Dispersive waves

into play and leads to a coherent enhancement of the NSR at a narrow band of
frequencies as predicted by the appropriate phase matching condition. This en-
hanced spectral component (which occurs in the normal dispersion regime of the
fiber) is sometimes also referred to as a ” Cherenkov” radiation or soliton-induced
resonant emission. Cherenkov radiation is a terminology borrowed from particle
physics and it appears when a particle travels faster than the phase velocity of
light in the medium. The radiation is emitted at an angle with respect to the
trajectory of the particle (whose dimensions are assumed to be much smaller than
the wavelength) and the angle is determined by phase matching conditions.

The analogy of this effect in optical waveguides is the resonance that occurs
between the pulse, which travels at its group velocity, and the dispersive wave re-
sulting in an energy transfer from the soliton to the dispersive wave at a frequency
wq dictated by the appropriate phase matching condition [14].

Cherenkov radiation is emitted at the frequency wey, at which phase ¢(wep)
matches that of the soliton ¢(ws) at the frequency ws. Then, the frequency of the
Cherenkov radiation is governed by a phase-matching condition requiring that the
dispersive waves propagate at the same phase velocity that of soliton. Regarding
that the phase of an optical pulse at frequency w changes as ¢ = k(w)z — wt, the

two phases at a distance z after a delay t = z/v, are given by [3]

d(wen) = ken(wen)z — wen(2/Vy), (3.21)

d(ws) = ks(ws)z —wen(2/Vy) + %7P0z, (3.22)

where Vj is the group velocity of the soliton and k¢y s is the wave number of
the Cherenkov radiation [I5]. When the phase matching is achieved, the corre-
sponding soliton emits the Cherenkov radiation and it is possible to estimate the

central wavelength and the peak power of the Cherenkov radiation[16] as

Aon(03) ~ (1 + 403 (2N — 1)2> + yS] c, (3.23)

47T53T0

Pen(83) ~ P, (525]:)2 <1 _am (2N5_ D 53)2 exp (2(2N_—f1)(53> . (3.24)
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3. DYNAMICS OF SUPERCONTINUUM

where ¢ is the speed of light, vs = ¢/A; is the carrier frequency of the soliton

and the coefficient 03 = B3/ (67|f2|) is referred as the normalized third order

dispersion (TOD). It was demonstrated that Eqs. [3.23] and [3.24] can be used

to estimate the frequency and amplitude of Cherenkov radiation under realistic
conditions [16], but are valid only for relatively small values of d3 due to their
perturbative nature. Figure shows the corresponding dynamics of such a

soliton (with N ~ 1) and the emitted Cherenkov radiation in a uniformly SMF.

Oz6vD O
o(a.u.)

Figure 3.4: (a) Spectral evolution in a uniform SMF. The black line represents
the zGVD wavelength.
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3.6 Soliton self-frequency shift

3.6 Soliton self-frequency shift

Among the above higher-order phenomena acting in SC generation, the soliton
self-frequency shift (SSFS) effect becomes one of the most relevant [3]. The SSFS
is a self-induced red-shift in the pulse spectrum arising from intrapulse Raman
scattering (IRS). The long wavelength components of the pulse experience Raman
gain at the expense of the short-wavelength components, resulting in an increasing

red-shift as the pulse propagates (see fig. |3.5).

Figure 3.5: Spectral evolution of a soliton in a uniform SMF. Diamonds rep-
resents the continuous shift to longer wavelengths from the soliton self-frequency
shift based on the Gordon equation [3.25] The black line represents the zGVD

wavelength.

After the initial fission, each constituent soliton experiences a continuous shift

to longer wavelengths from the soliton self-frequency shift because the individual
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3. DYNAMICS OF SUPERCONTINUUM

soliton bandwidths overlap the Raman gain. As it is shown by Gordon [I§], the

dynamics of the frequency shift 1y can be expressed as

dl/() 105 /\2 D o

— THz/km| = —
dz ([T Hz/km] 167cTe /o

Q%0 R <2 QT ) / sinh? (?) : (3.25)
Lo

A consequence of this is that the shorter-duration solitons that are ejected ear-
lier in the fission process experience greater self-frequency downshifts and walkoft
proportionally faster from the input pump wavelength.

The pulses eventually separate so that the individual fundamental solitons
are seen distinctly at the fiber output. We have found that soliton separation
begins to become apparent in the temporal and spectral characteristics after a
propagation distance of typically ~ 5Lp. However, observing distinct signatures
of all N solitons in both time and frequency domains can require significantly

further propagation.
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4

Spectra generation by Cherenkov

radiation

The growing interest in building light sources for OCT has led to investigation
into several methods to achieve multi-peak spectra. In some of these approaches
a specific laser source is required for each of the spectral peaks [I, 2], and in
others specific filters are applied to white light emission diode (LED) sources
[3]. Therefore these methods have an independent control on the frequency of
the bands which can be in principle largely detuned to each other, but they are,
on the other hand, dependent on many sources and relatively complex setups.
The advantage presented by the method we propose in this paper is that only
one light (laser) source is needed to produce several localized spectral peaks with
distributed power at the same time that they correspond to optical pulses with
bell-shaped profiles produced with cheap components.

After the soliton fission, when the Raman soliton is shifted to redder region,
a radiation (anti-Stokes) that overlaps temporally with this Raman soliton rises
and lies in the normal-GVD (spectral components on the short wavelength in this
case) regime of the fiber. This radiation is known as the Cherenkov radiation,
dispersive waves (DWs) or as the nonsolitonic radiation (NSR). It is emitted at
a frequency at which its propagation constant (or phase velocity) matches that of
the soliton. The wavelength of the NSR is governed by a simple phase-matching
condition requiring that the dispersive waves propagate at the same phase velocity

as the soliton.
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4. SPECTRA GENERATION BY CHERENKOV RADIATION

To fully exploit the nonlinear dynamics associated to Supercontinuum (SC)
generation in optical fibers (see Refs. [4] [5] for reviews on the topic) it is custom-
ary to use photonic crystal fibers (PCF's), since they provide a versatile platform
to accurately tune the linear and nonlinear effects governing the propagation of
optical pulses [0, [7, 8]. However, other simpler and cheaper fiber designs can also
yield wide spectra and provide certain control on the pulse propagation dynamics
[9, 10], which may suffice for many applications. Nowadays, one of the aspects
in SC generation receiving substantial interest is the management of the spectral
output to obtain blue and infrared (IR) extended spectra [I1I, 2] 13| [I4], both
effects associated to the red-shifting Raman solitons with trapped DWs [15]. An-
other important attribute to control in less broad spectra is the localization of
spectral power in bands centered at specific target wavelengths, consisting on ei-
ther dispersive waves [16, [I7] or Raman solitons in the IR [I8]. In the former case,
the Cherenkov or dispersive radiation, emitted by solitons under the right phase
matching conditions [19], is used as a suitable spectral peak generator. Although
multi-peak Cherenkov spectra are automatically generated in both normal and
anomalous group velocity dispersion (GVD) regions in the context of SC gener-
ation with bright [4, 5] and dark [20] solitons, these methods in general lack of
control on the individual carrier wavelengths of the Cherenkov DWs.

In this chapter, we exhibit a method to design a non-uniform fiber to obtain
discrete spectral peaks from the DWs emitted by solitonic pulses by an on/off
switch of Cherenkov radiation. This cheap method consists in splicing few pieces
of standard telecom single mode fiber (SMF) with different cladding diameters,
which can be achieved easily via post processing techniques that provide control
on the GVD [21], 22]. For the pump, we consider the short pulses provided by
a standard Ti:Sapphire laser. Switching on and off the Cherenkov radiation is
achieved by adjusting the spectral distance between the zero GVD wavelength,
A.qvp, and the Raman shifting soliton carrier, Ay, which dramatically controls the
radiation efficiency [23]. Several Cherenkov peaks emitted from a single soliton
are possible because of the interplay between Raman and recoil induced red-shift,
and the A\,gyp management. Such management has proven very useful for manip-
ulating the soliton propagation dynamics, e.g, pulse compression [24], trapping

of the Cherenkov radiation in the absence of Raman effect [25], controlling DW
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4.1 Pulse propagation in non-uniform fiber

generation in the SC dynamics [26], and generation of a powerful continuum of
Cherenkov radiation shed by a single soliton pulse [27]. Practical and low cost
methods to tailor the A,gyp in fibers consist in immersing them in different lig-
uids [28] or reducing their cladding diameter by using chemical etching methods
that achieve submicron-diameters [29]. We have used the latter idea, for illustra-
tive purposes, and have computed the linear dispersions and nonlinear coefficients
of several SMFs with different cladding diameters (see Fig. [£.1). We envisage
that this spectral peak generator will be useful for applications in areas such as
optical coherence tomography (OCT) [30), B1I], spectroscopy [32], multi-spectral
imaging [33], B4 [35], and applications where spectral peaks are required to carry

few hundreds of Watts and to present Gaussian-like bell shapes.

4.1 Pulse propagation in non-uniform fiber

We simulate the propagation of fs-pulses with complex amplitude A(z,T) by
integrating numerically the Eq. 2.2 This equation accounts for the linear dis-
persion through the coefficients 8, = d‘f(w)/dw|, =, (up to ¢ = 10) evalu-
ated at the pump frequency wy = 2mc/Ag (where A = 1060 nm) of the laser.
Nonlinearity is included through the parameter v and the response function
R(T) = [1 — fgr]o(T) + frhr(T)II(T), where fr = 0.18, hg is the commonly
used Raman response of silica [36], and 6(7") and II(7") are the Dirac and Heavi-
side functions, respectively. The definition of the nonlinear parameter used here
constitutes a good approximation for our large-core fibers (see Fig. , and
therefore we do not need to use the recently experimentally [37] and numerically
[38] tested coefficients for sub-wavelength waveguides. The input pulses in our
modeling are taken as A(z = 0,7T) = /Pysech(T/T,) with Py = P(z = 0) = 10
kW and full width at half maximum (FWHM) 7pypy = 65 fs (Tp = 7(2 =
0) = Trwra/21n[1 + /2] ~ 36.85 fs). With these parameters, the soliton order,
N = 7[yP/|B:|]'/?, is kept below fission threshold, 1 < N < 2, for the input
conditions.

Fig. shows the nonlinear parameter, (), and the lower order dispersion
coeflicients, J23()), for the different segments of our SMF, with different cladding
diameters, computed using Optiwave [39]. The key role played by the position
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Figure 4.1: (a) Nonlinear coefficient, (b) GVD, and (c) third order dispersion
(TOD) for the different cladding diameters: d = 5.4 (blue), 6.1 (black), 7.1 (red)
and 8.3 pm (magenta). The corresponding values of A,y p are: 1035, 1070, 1105,
and 1140 nm (see b). (d) Dependence of the cladding diameter, d, on A,gyp. Inset
shows a schematic side view of the non-uniform fiber, in which light propagation
occurs from left to right (see Fig. a)). Diameters, d, and lengths, L, of the
different regions are chosen as: di =5.4, dy =6.1,d3 =7.1, dy = 8.3 ym; L1 = 35,
Lo =40, Ly =55, Ly =90 cm.
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4.2 Generation of discrete Cherenkov spectra

of A\.qvp along propagation in the radiation switch on/off requires to have a fine
control of it. From our numerical data of dispersion in Fig. 4.1b, it is possible to
find a convenient fit to link it with the SMF cladding diameter, d (see Fig. [4.1J):

d(pum) =2 8.6434 x 107°X24y p(nm) — 1.5958 x 107" X,qvp(nm) + 77.9036,
(4.1a)

PV e
~ 1 4.1
)\ZGVD(Z) As [ + 127T0537':| ’ ( b>

where 03 = [33/67| 5] is the z-dependent normalized TOD coefficient.

4.2 Generation of discrete Cherenkov spectra

The matching condition ¢y () = Bs(A) can be expressed approximately for small

14+482 (2N —1)* 1
Acn(03) » 437T53Tc + A (4.2)

and may be visualized by plotting the soliton and radiation dispersion relations,
ks = yP/2 and kep = 3 5y By(w — ws)?/q!, versus wavelength [5], as shown in
Fig. for several stages of the propagation in the non-uniform fiber (see Fig.
13).

Fig. E shows spectral and temporal evolution of a N(z = 0) ~ 1.7 pulse
along the non-uniform SMF consisting of four pieces (see Fig. [4.1d). At the
entrance of each of the four pieces the solitons emit blue shifted dispersive radi-
ation during a very short propagation distance, before the recoil effect sharply
the solitons red-shifts and the Cherenkov radiation emission is frustrated [5]. In
Fig. [4.3(a), after this first fast process, the only role played by the fiber segment
with uniform cross section is that of decreasing the soliton frequency through
the Raman induced soliton self-frequency shift (SSFS) [41]. This is however, to-
gether with the recoil effect, the mechanism we benefit from to tune the soliton
wavelength. By tracking A¢(z) and 7(z) along propagation in a given segment of

the SMF, we can efficiently generate a new Cherenkov spectral peak at a desired
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Figure 4.2: (a) Phase matching between the fundamental soliton k (straight line)
and the DWs k¢, for different diameters (curves), and (b) dependence of A¢yp, on
As in the decreasing cladding diameter SMF with d; = 5.4 (blue), d2 = 6.1 (black),
d3 = 7.1 (red), and d4 = 8.3 pum (magenta). Dots indicate the corresponding
Cherenkov radiation wavelength, A¢p, and dashed lines mark the soliton central
wavelength, A;. The four cases considered here correspond to the distances at
which the soliton enters a new SMF segment (see Fig. )

wavelength, \,qvp (red-shifted from the previous one, see Fig. , by splicing
a new SMF segment with d given by combining the reflected d3 of Eq. [4.2]

2
meT [ﬁ = /\i] + \/72027'2 [ﬁ — /\i} —[2N —1)°
22N —1)°

together with Eqs. {.1alf4.1D In obtaining Eq. we restricted ourselves to
the case 03 > 0 (i.e., around the first zero GVD wavelength). Note that in our

(53 ~ , (43)

problem, the analytical method of Ref. [41] can not be used to predict accurately
the carrier frequency of the soliton after certain propagation distance because the
radiation emission induces spectral recoil and a drift in the soliton order, N (see
Fig. [4.3c).

Despite the low initial value for the soliton order, 1 < N(z = 0) < 2, and
the fact that it releases energy in the form of Cherenkov waves, the frequency
conversion keeps being highly efficient due to the decrease in |fB2(\s)| at the
entrance of each of the new fiber segment, which keeps N > 1 (see Fig. )
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Figure 4.3: (a) Spectral and (b) temporal evolution of an input pulse at Ay = 1060
nm with Py = 10 kW and a width of 65 fs (FWHM). The shifting A.qy p (initially at
1035 nm) is marked by the solid black line in (a) and the vertical dashed correspond
to the A¢y, predicted by eq. 958 (blue), 1002 (black), 1048 (red) and 1086 nm
(magenta). (c) Evolution of the soliton order, N, for each fiber segment of length
L;. The value of 1 < N < 2 is approximately the same for both solitons resulting
from fission by the end of the last segment, Ly (both N(z) lines overlap). Spectral

and temporal outputs are shown on top.

This defines the limiting factor of the device: N is kept > 1 because |B2(As)]| is
decreased by moving the \.gvp closer to Ay, however this is valid as long as A.qvp
does not fall within the soliton spectral width (e.g., within its spectral FWHM).
At the beginning of the fourth segment, the drastic change of the \.gyp causes
an increase of N ~ 2.3 and the subsequent fission into two fundamental solitons
(see Fig[L.3p).

Because the short pulses we consider here (7 < 50 fs), the Raman gain in-
duces an additional perturbation to solitons and they release strong radiation in
the form of Airy waves [42], which carrier frequency is in the anomalous GVD
and slightly above than that of the soliton. In our non-uniform fiber the solitons

can trap these waves[43], which may be used as additional spectral peaks since
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Figure 4.4: XFROG traces for the output field at z = 2.1 m of (a) Fig. and
(b) Fig. . Horizontal white lines mark the pump.

being trapped they maintain a localized shape in the time domain. To show that
the peaks generated here are localized in both time and frequency, we plot in Fig.
the XFROG corresponding to the final stage of the propagation at z = 2.1m.
Spectrogram is computed as Y (w,T) = | [*2 A(T")g(T" — T)e~*“T"dT"|, where
the gate function is g({) = sech((/7,) with 7, = 30 fs. If the tunneling of Airy
waves through the soliton is not desired, it is possible to avoid it by elongating
the third section of the fiber, thus keeping them separated in time domain from
the Cherenkov radiation by the soliton. This is shown in the Fig. [£.4b. Simulta-
neous temporal and spectral representation of light states can be experimentally

measured with great resolution and quality [44], providing evidence of the right
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performance of the non-uniform fiber spectral peak generator.
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5

Optimization of Raman
frequency conversion and

dual-soliton based light sources

The soliton self-frequency shift (SSFS) [Il 2] plays a central role in many effects
taking place during supercontinuum (SC) generation in optical fibers (see Refs.
[3, 4] for a review on the topic). To mention only a few examples, light trapping
[5], multi-peak soliton states [6l [7, [§], emission of Airy waves [9], intense dark-
soliton SC [10] or broad and intense blue shifted polychromatic dispersive waves
[T1], would not be possible (or strong enough) without the SSFS. One of the
most notorious features of the Raman effect in SC generation with femtosecond
pulses corresponds to the Raman soliton carrying the lowest frequency. Its large
frequency shift from the laser pulse has motivated IR-Raman soliton sources
[12, 13, [14] and their optimization [15] [16 [17].

In the previous section, we have showed that a fs-pulse pumped in simple single
mode fiber (SMF) can generates several pre-defined spectral peaks by means
of dispersive waves for potential applications of optical coherence tomography
(OCT) around of 1000 nm, typical range for the normal region accesible with the
SMF. Now, regarding the same kind of applications, we present a new way of
optimization to obtain spectral peaks fixed in selected channels based on the first

ejected Raman-soliton with the use of a genetic algorithm (GA).
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5. OPTIMIZATION OF RAMAN FREQUENCY CONVERSION
AND DUAL-SOLITON BASED LIGHT SOURCES

In this chapter we present an efficient and general computational optimization
method based on a GA to find the maximum Raman soliton conversion in a
uniform photonic crystal fiber (PCF) NL-2.4-800 (see Fig. exhibiting SC
generation at the Ti:Sapphire laser wavelengths. The Ti:Sapphire laser is mainly
used in scientific research because of their tunability and their ability to generate
ultrashort pulses [I§]. This method finds the optimal input pulse parameters,
namely central wavelength, g, temporal width, Ty, and peak power, Py, that
maximize the output SC power in spectral channels of a fixed width and central
frequencies sited in the second near-infrared window (NIR II) also called extended
near infrared (exNIR) region which corresponds at 1000 to 1400 nm. Our typical
channel width, 50 nm, was chosen narrow enough such that the optimal central
channel wavelength (\.) will be around the carrier frequency of the most powerful
soliton, i.e. the firstly ejected Raman soliton in the IR region. Like previous works
[19,20], the tunability of A. represents an important feature of this strategy, since
the greatest potential of the given PCF is discovered, which represents a valuable
potential for practical applications, specially in situations where limited choice of

PCF designs is available.

The inverse problem, i.e. the design of PCF's via GAs to optimize the SC has
indeed been previously solved satisfactorily in a wide range of situations [21], 22|
23, 24, 25]. Our interest in the IR region is motivated by the applications in OCT
126, 27, 28, 291 [30, 131} B32], specially imaging in the NIR II [33] [34]. Given the
large amount of simulations required by this method, distributed computing (a
Grid platform) was used to reduce the time required to find the optimal solutions.
The advantage of this infrastructure is that it allows the use of the same code in
a platform of scalable resources (number of processors, etc.), which are adapted
according to the needs of the particular optimization problem. We obtain several
peaks joining the first ejected Raman soliton because of the non-trivial behavior of
the SC in the anomalous region and the high-order soliton originated. Additional

peaks can be used as a plus in the tuneable optical source.
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5.1 Supercontinuum modeling and genetic algorithm

5.1 Supercontinuum modeling and genetic algo-

rithm

We simulate the nonlinear propagation of the complex electric field envelope, A,
along the fiber axis, z, by integrating numerically (with Runge-Kutta method)
the Eq. 2.2, where the ,’s account for the linear fiber q-order dispersion and
| cdbwne [ [ dodyna(a )[R + |EP) -
3 [ [dedyRe{E x H*}u.)? '

is the nonlinear parameter [35] which has been computed with a finite elemente

method (FEM) solver by integrating the electromagnetic components of the
modal field at A = 800 nm along the transverse fiber cross section and using
e =2.09 and ny = 2.6 x 1072° m?/W for the relative permittivity and nonlinear
index of silica glass, respectively. The nonlinear Raman response of the glass is
R(t) = [1 — fr]A(t) + frhr(t) [30], where the Raman (delayed) contribution is
weighted by fr = 0.18 and described by

712 +

ha(t) = T 2 0(t) exp(— L) sin(L), (5.2)

T1Ty T2 T1

where 7y = 12.2 fs, » = 32 fs, and ©(¢) is the Heaviside step function. The input
pulses used in our simulations are of the form /Pysech(t/Tp).

For each simulation along the PCF, the GA generates an individual with
the genome | g) = [g1, g2, 93]7 = [To, Mo, Po]T (see section [2.2) and evaluates how
suitable that individual is from the simulation output through the fitness function
defined as

oo =| [ - 43P B (53)

=0
where |A(w)|? is the output pulse intensity, 26 = 50 nm is the chosen spectral
channel width, that w,. is the central frequency determined by inspection of the
output spectrum to minimizes ¢(we;d).
After an initial set of population threshold py, randomly (uniformly dis-
tributed) generated individuals (stage 1), the genetic operators (GO), mutation

M and crossover X are responsible of generating the new offspring to increase
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Figure 5.1: Dispersion and cross section of the PCF used in our modeling with
the shaded region marking the tunability range of the central wavelength of the
pulse. Top figure shows a sample output spectrum with the corresponding channel
(delimited by the dashed lines) over which ¢ is evaluated, according to Eq.
Vertical solid black line marks the zero GVD and the red one in the top shows the

particular Ag of this sample output.

the population size up to p = pmae > pun (stage 2), to further make it evolve
towards optimal solutions (stage 3). During stages 2 — 3, to fully exploit the
processing power of the Grid, we used a steady state GA, which keeps the Grid
constantly computing new individuals in parallel, which are added to the pop-
ulation if p < pyqee or replace the worst one of the population if p = pe. and

Onew < Guworst- We briefly describe the mutation and cross-over operators below

(see section [2.2)).

5.2 Raman frequency conversion

As mentioned before, the spectral channels in this work are based on OCT appli-

cations focused on the NIR II region. It has been proved that high axial resolution

60



5.2 Raman frequency conversion

in OCT systems is aimed in the spectral region of 800 nm to 1400 nm [37, [3§].
Aditionally, the NIR II light decrease in scattering and increase in transparency of
the biological tissues over the NIR range [39]. Moreover Gaussian spectral shapes
avoid spurious structures in OCT images [40]. For these reasons, IR-Raman soli-
ton with its characteristic Gaussian shape is founded to be the best option to
OCT applications.

We planted the search of external parameters (see section , Ao, Ty and P,
in section with the use of our GA (see section [5.1). In order to prove the
convenience of our method, it is made an exhaustive search of the best fitness

value by scanning the entire ranges of parameters. It is shown in section [5.2.2]

5.2.1 Optimal solution using genetic algorithms

The optimization consisted in the search of parameters that originate the max-
imum output power in each selected spectral channel on the NIR II using the
GA to vary values of the parameters within a given ranges, P varies in the range
[1,15] kW, whereas A is changed within the interval [750,850] nm and 7 in the
range of [30,110] fs. The range of values used in this work are attainable in re-
alistic Ti:Sapphire lasers. The set of all the individuals generated by the GA in
each channel optimization is shown as an example in Fig. |5.2(a) in a 3D graphic
in the space of external parameters with its domain corresponding to the ranges
selected.

This ”cloud” of individuals corresponds to all solutions generated by the GA,
their fitness function being represented by the color code bar. Lighter points
have smaller fitness values (thus, better) than darker ones. We observe that there
exists a zone where the GA tends to accumulate points. It is precisely in this
region where the best fitness value (red point) is found. It is worth mentioning
that some of these regions could contain more candidates to optimal solutions
than those eventually selected by the GA. Thus, keeping track of these ”quasi-
optimal” individuals can also be of great interest from the physical point of view
since they can provide extra-local minima of the fitness function not considered
in a preliminary physical analysis of the optimization scenario. Once the local

minima have been detected, a more accurate search around them combining GA
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Figure 5.2: (a) Cloud of m = 150 individuals generated by the GA for a channel
of A; = 1225 nm. The color of the points sketch the fitness value of each individual,
lighter points have smaller (thus, better fitness values) and the optimal individual
is represented as the red point sited in the coordinates of the three optimized
parameters. (b) Typical fitness value (¢) evolution of executions in chronological
order of generation during the optimization procedure with its mean fitness value
(black line) and the minimum global value (red line), dashed magenta vertical line
separate the best individual within the first random individuals (m = py, = 50)

generated in the stage 1 of the process.

strategies and other optimization techniques can be performed in order to find a
better minimum of the fitness function.

Figure [5.2(b) shows clearly the ”dynamical” improvement in the fitness value
as the GA evolves. The initial ”optimized” value is obtained in the stage 1, when
the initial population of 50 individuals is randomly generated (delimited by the
vertical dashed line). After the 50th evaluation, the stage 2 of our algorithm initi-
ate, when genetic operators start to act on the previous population. A significant
improvement in the fitness of the population is apparent The mean fitness value
of the population is monotonically decreasing as new individuals are generated,
as the black continuous curve shows. The red line shows the minimum global
value until the instant of the last individual is generated in the process. Our GA
has not a tendency to converge towards local optima or arbitrary points rather

than the global optimum of the problem. This is caused because the operator
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5.2 Raman frequency conversion

of mutation gives a lower probability of occurrence than crossover operator [see
Eqgs. and . This combination gives a good diversity in the generation
of new individuals with better probability to conserve the best properties of its
predecessors ensuring the good convergence of the GA. The best individual for
each channel within the final population is taken as the optimized value. The
set of optimized parameters for each \. within the NIR II region and under the

mentioned conditions are shown in Table [5.11

Table 5.1: Optimal parameters, Ty, Ao, Pp, obtained using the GA. The soliton
order, N, fitness value, ¢, output central wavelength, A., and efficiency of frequency

conversion, n, are shown as the obtained results.

Optimal parameters Results
Ty (fs) Ao (nm) Py (kW) N ¢ (1074/W) A (nm) n(%)
37.09 813.23 7.00 9.06 1.182 1025 21.34
34.54 837.13 6.79 4.94 0.916 1075 24.78
56.18 827.63 8.92 10.70 1.136 1125 24.15
85.09 845.25 7.83 11.83 1.093 1175 21.67
50.45 829.05 14.54  11.96 0.832 1225 26.67
57.97 849.25 13.00 9.94 0.086 1275 21.35
91.51 842.28 14.91  18.17 1.125 1325 24.34
110.00 845.65 14.57  20.87 0.992 1375 24.65

The spectral (A) and temporal (T' = %) evolutions of one resulting optimized
external parameters are shown in Figs. [5.3(a)-(b), respectively. The black con-
tinuous and dashed lines represent the zero GVD and )y, respectively, the white
dashed lines delimit the spectral channel where the maximum spectral power was
found. As expected, the center position of the channel is in accord with the final
position of the mean frequency of the first soliton ejected after the soliton fission
(z> Lp/N).

The maximum spectral power founded for each channel results very approx-
imate to the Kodama and Hasegawa predictions for the soliton amplitude [41].

The multichannel behavior strongly affects the total power captured by the most
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Figure 5.3: Spectral (a) and temporal (b) window evolution on distance z corre-
sponding to optimized parameters Ty = 50.45 fs, A\g = 829.05 nm and Py = 14.54
kW for a channel centred in A\. = 1225 nm (as in Table [5.1). In the spectral
window, white dashed vertical lines shows the channel spectrum with maximum
spectral power obtained by the GA and the continuous black vertical line indicates
the zero GVD wavelength.

red-shifted and powerful branch (corresponding to the first initially fissioned soli-
ton), which is increased with respect to that obtained in the initial optimization.
It is known that SSFS can be made large by propagating shorter pulses with high
peak powers inside highly nonlinear fibers and that the fission of higher-order
solitons generates frequency-shifted pulses in form of Raman solitons [I]. This
effect can be partly explained by means of Eq.: Ty is directly proportional
to the soliton order, therefore if Ty decrease, N will be decreased too. In this
context, a physical interpretation of our optimization results shows us that best

conversion rates are always achieved when minimal fission (ideally, no fission) of

Raman solitons occurs (see Tables and [5.3).
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5.2 Raman frequency conversion

This is a physically meaningful result, since keeping SC generation restricted
to minimal soliton-generation scenario guarantees the existence of maximum spec-
tral power centred in the desired channel originated from the spectral evolution
of the initial pulse (see Figs. and . In this way, spectral evolution tends
to present a low number of fissioned fundamental solitons at the second part of
optimization. The spectral power is thus efficiently concentrated in the channel
where less fissioned solitons are shifted by Raman effect.

In order to check the stability of these values we perform a second robust

method of optimization. It is shown in the next section.

5.2.2 Optimal solution using exhaustive search

Now, a second method is implemented to check the suitability of the use of GAs
described above. It consists in a search of the best fitness of all possible individuals
resulting of a systematic evaluation of all possible combinations of parameters
existing within the defined ranges and steps (m = 675). It is worth mentioning
that this process requires larger capabilities in terms of time-machine, even with
the use of a GRID platform, it takes ~ 95 h for each channel optimization [see
section . The set of optimized parameters resulting by the robust method are
shown in Table .2

We can see from Tables [5.1] and that the efficiency obtained in the opti-
mization using a GA is better than the optimization made without it, even using
less number of evaluations, m. As we can see in Fig. [5.2(a), it is visualized the
existence of an accumulation points near of the final solution, this feature permits
to establish an strategy to reduce the complexity of the problem by focusing only
on these smaller regions of interest using the same robust method. Therefore,
we perform a new optimization step by selecting a “zoom-in” region around the
previously optimized results presented in section |5.2.1l For the search of optimal
parameters, we redefine the range of the input parameters in order to scan a
smaller neighborhood of the best individual in the cloud of solutions. The new
conditions are: P € [Py £ 0.5] kW, T' € [To £ 5] fs and A € [A\g £ 5] nm. This
“zoom-in” was made for each channel and permit to increase the range resolutions,

therefore to improve the fitness value and to get a better efficiency conversion in
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Table 5.2: Optimal parameters, Ty, Ag, Py, obtained for spectral tuning in the
initial stage of optimization by exhaustive search with m = 675. The soliton order,
N, fitness value, ¢, output central wavelength, \., and efficiency of frequency

conversion, n, are shown as the obtained results.

Optimal parameters Results
Ty (fs) Ao (nm) Py (kW) N ¢ (1074/W) X, (nm) n(%)
90 810 10 53.32 1.466 1025 17.29
100 810 10 59.24 1.496 1075 15.22
100 850 7 22.03 1.552 1125 17.67
90 830 10 30.69 1.458 1175 16.29
100 850 9 24.98 1.332 1225 16.76
100 850 12 28.84 1.247 1275 14.89
100 850 14 31.15 1.927 1325 14.17
110 850 15 32.32 1.582 1375 15.54

the spectrum output profile. The results of the ”zoom-in” optimization process

are shown in Table (.3]

Figure shows the espectral and temporal evolution of the “zoom-in” opti-

mization.

Table 5.3 indicates that the efficiency is improved after “zooming-in” of opti-
mal solutions obtained using the entire range but it is not still improved compared

to Table proving the efficiency of our method.
The chart of values for the A, = 1225 nm case is shown in the fig. [5.5(a).

The black polygonal-line shows how the best individuals jump in random way
for each change of parameter value in the case when the use of a GA is avoided.
Figure [5.5(b) shows the fitness value evolution in chronological order for the
swept process. A sawtooth behavior of the fitness value evolution is due to the
fitness value becomes better and worse by repeating the parameters values for
the individuals while they are evaluated in the swept. The final parameters for

this robust test was close to our initial optimized results with the use of a GA.
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Table 5.3: Optimal parameters, Ty, A\g, Py, obtained for spectral tuning in the
zoom-in stage optimization by exhaustive search with m = 675. The soliton order,
N, fitness value, ¢, output central wavelength, A., and efficiency of frequency

conversion, n, are shown as the obtained results.

Optimal parameters Results
Ty (fs) Ao (nm) Py (kW) N ¢ (1074/W) X, (nm) n(%)
93 814 10.06  46.54 1.296 1025 19.46
98 812 10.12  52.98 0.953 1075 23.83
101 847 6.92 22.79 1.289 1125 21.43
88 833 10.27 28.88 1.212 1175 19.45
97 850 8.84 23.48 0.992 1225 22.46
103 850 12.25  29.65 0.908 1275 20.45
103 850 13.82  31.86 1.413 1325  19.34
108 850 14.78  31.69 1.098 1375 22.54

5.3 Dual-pulse solitonic source optimization

The same numerical strategy is used to design fiber based dual pulse light sources
exhibiting two predefined spectral peaks in the anomalous group velocity disper-
sion regime. The frequency conversion is based on the soliton fission and soliton
self-frequency shift occurring during supercontinuum generation. Such spectra
were important for applications in optical coherence tomography (OCT) with
wavelengths in the near infra-red (NIR) window [26], 27, B0]: A <1 pm.

To demonstrate the usefulness of this method, it is considered the two spectral
channels separated by 100 nm (see, e.g., Ref. [34]). The optimization method
finds the same optimal input pulse parameters of the section [5.2], namely central
wavelength, Ao, temporal width, Tj, and peak power, F, yielding the desired
spectra. The obtained peak powers are of up to 90 mW for each spectral band,
satisfying the needs for OCT imaging applications [38]. This method finds the
possibility to tune the wavelength of the target spectral channels, which represents
an important feature of this strategy since the greatest potential of the given

PCF is exploited, specially in situations where limited choice of PCF designs is
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Figure 5.4: Spectral (a) and temporal (b) window evolution on distance z corre-
sponding to optimized parameters Ty = 97 fs, A\g = 852 nm and Py = 8.84 kW for a
channel centred in A\, = 1225 nm corresponding to zoom-in of optimal solutions (as
in Table. In the spectral window, white dashed vertical lines shows the channel
spectrum with maximum spectral power obtained by the GA and the continuous

black vertical line represent the zero GVD.

available.

For each simulation along the PCF, the GA generates an individual with
the genome | g) = [g1,92,93]7 = [Tv, \o, Po]T and evaluates how suitable that
individual is from the simulation output through the new fitness function (to be

minimized) defined as

We; +Aw

do =7 by zwj(wcj;Aw)E/ dw'|A(L, "), j=1,2 (5.4)

<) —Aw

where 2Aw is the chosen spectral channel widths and We, = 2me/ Ac; the central
frequency. Note that the definition of ¢5 as a product tends to favor output

spectra in the form 17 =~ 1)y amongst all solutions with 1, + 1 = const.
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Figure 5.5: (a) Fitness value charts for different Py values with m = 675 gener-
ated by GRID for A, = 1225 nm without the use of the GA. The color of the points
shows the fitness (¢) value of each individual, lighter points have smaller ¢ (thus,
better fitness values) and the optimal individual is represented as the red point
sited in the coordinates of the three optimized parameters. The black polygonal-
line sorts the best individuals for the specific Py. (b) Fitness value evolution of
executions in chronological order of generation during the optimization procedure
with the minimum global value (red line). The sawtooth beehavior of the fitness

value evolution is shown in the inset.

Figure shows the spectral evolutions (bottom) and output spectrograms
(top) corresponding to the best individuals obtained by the GA strategy and
fitness function of Eq. All output spectra shown in Fig. [5.6] present the two
reddest solitonic pulses, ejected from the soliton fission, accurately centered in
the predefined channels (X, ,) delimited by the dashed lines (see Table for
parameter values associated to results in Fig. [5.6). In Figs. [5.6(a) and [5.6(d),
the target spectral channels where chosen from Ref. [34] in order to illustrate
the solution for a dual-pulse source required in a realistic application. The other
two cases, Figs. [5.6(b,e) and Figs. [5.6(c,f), demonstrate the tunability of such
source, keeping A\, — A, fixed to 100 nm without replacing the PCF but merely
adjusting the input pulse parameters. We checked by benchmarks that several
runs of the GA with fixed A, , provided systematically very similar optimal results
and therefore only one is shown here for each different case.

Regarding OCT applications, another important aspect of the source pre-
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sented here is that the fs-SC dynamics typically exhibits a very high coherence
and negligible shot-to-shot fluctuations [3], known to be detrimental for OCT [3§].
Moreover, the two output solitonic pulses (52 in Fig. constituting the pro-
posed OCT light source, provide a decent resolution I, = 2In 2\, /[TAXs pw r ]
[42] of ~ 10 pm for the two solitons, S o.
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Figure 5.6: (a-c) Spectrograms of the output spectra at z = 25 cm, corresponding
to the optimization results given by the GA algorithm after m = 300 evaluations.
S1,2 label the two solitonic pulses. (d-f) Spectral evolutions along the fiber as-
sociated to (a-c), respectively, retrieved from the optimal input pulse parameters
corresponding to three different pairs of channels, A, ,. Input pulse parameters
are given in Table Vertical solid lines mark the zero GVD wavelength.

Figure a) shows the 3D chart in the parameter space containing all 300
individuals involved in the optimization process. Data points distributed all over
the volume are typically generated by the random stage 1 (m < py = 50) and
GOs tend to accumulate solutions around small volumes where fitness is typi-
cally small, with the overall effect of monotonically decreasing the average fitness
value, observed when fitness is represented in order of execution [black curve

in Fig. |5.7(b)]. However, the scattering ability of GAs often results in finding
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5.3 Dual-pulse solitonic source optimization

Table 5.4: Parameters associated to the best individuals found by the GA, shown
in Fig.

Optimal pulse parameters Spectral bands  Resolution Fitness Shown in
To (fs) Ao (nm) Py (kW) N Acy, Acg (nm) Iy, le, (pm) o (1074/W) .
90.01 834.98 5.012 20.14 1075, 975 9.8, 9.5 1.138 Figs. |5.6[a,d)
70.80 817.27 12.3501 36.24 1150, 1050 10.6, 9.2 1.107 Figs. [5.6(b,e)
101.13  849.24 9.6617  26.43 1225, 1125 10.1, 10.1 1.018 Figs. 5.6[c,f)

slightly better individuals in nearby regions presenting smaller agglomeration.
An important reason for the convergence of our GA towards the optimal solu-
tions is the fact that the operator M is given a lower probability of action than
X (probabilities are 1/3 and 0.95 respectively, see section . This combination
gives both a good diversity and probability to conserve the properties of the best

individuals during the execution of the GA.
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Figure 5.7: (a) Parameter space cloud of the 300 individuals (and fitness) gen-
erated by the GA in the optimization yielding to the solution in Figs. (b),(e).
The best individual is marked in red and dashed mark its input parameters. (b)
Fitness evolution versus generated individuals in chronological order. Dashed ver-
tical line marks the threshold population p;, = 50 corresponding to the end of stage
1 (random generation). Best (at m ~ 260), Instantaneous minimum, and average

fitness are also plotted (see legend).
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6

Ultra-flat spectrum by
optimizing the zero dispersion

wavelength profile using GAs

The SPM is a well-known effect that induce spectral broadening in optical fibers
[1, 2] and it has been used successfully to obtain flat and ultra flat spectra by
both, input-pulse shaping [3, 4] and the use of specially designed tapered mi-
crostructured optical fibers [5], [6] [7].

In this chapter, we propose a technique of spectral modelling using a laser
source with a pulse in the form of Eq. with fixed pulse commercial parame-
ters, namely input wavelength A\g = 1270 nm, temporal width 7, = T'(z = 0) =
Trwar/21In[1++/2] ~ 28.4 fs and peak power Py = 7 kW, pumped in a standard
single mode fiber (SMF), which its zero dispersion wavelength (Azpw ) profile has
been designed under a fitness function criteria and genetic algorithm (GA) opti-
mization. The suit of \zpy and the management of the nonlinear coefficient ~
can be achieved by an appropriate tapering of standard optical fiber or structural
parameters (see section . Some studies are dedicated to change the Azpw by
tapered fibers [8, 9] [10], or by immersing the fibers in different liquids [I1]. More-
over, the control of fiber taper shape has been studied by heat stretching [12], or
reducing their cladding diameter by using chemical etching methods that achieve
submicron-diameters [I3]. We planted the search of external parameters (see sec-
tion [2.2))to linearly change the Azpw across the fiber length in roder to obtain an
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ultra-flat spectral output centred in A, = 1285 nm. The 1285 nm wavelength is
an important frequency for a variety of applications, for example, in some kind
of OCT imaging devices, the 1285 nm wavelength system has an important ad-
vantage over the shorter wavelength ones due to the fact that tissue scattering
decreases with wavelength [I4]. Moreover, one of the most important applications
of ultra-flat continuum is in the field of optical telecommunications, the design of
multi-wavelength sources for wavelength division multiplexing (WDM) transmis-
sion systems based on spectral slicing of this one by an optical demulteplexing
[15].

6.1 Pulse propagation and fitness function

Using a Fourier split-step method (see section , we simulate the propagation
of optical pulses with complex amplitude A(z,t) in a tapered SMF by integrating
numerically the Eq. , where the dispersion coefficients 5,(z)’s (up to ¢ = 10
in this work) account for the linear fiber dispersion D(z) at the pump frequency
wo = 2mc/Ao (Ao = 1270 nm). The [y coefficient is related to Azpw by the
dispersion —27cB2/A%py = 0. Nonlinearity is included through the parameter
v(z) and the response function R(T) = [1 — fr]o(T) + frhr(T)I(T), where
fr = 0.18, hg is the commonly used Raman response of silica [16], and 6(7),
II(T) are the Dirac, Heaviside functions, respectively. The nonlinear coefficient,
v(%), and dispersion parameter D(z) associated to [,(z) (where z depends on
the tapered fiber diameter d), were computed using Optiwave [17] for different
diameters of the SMF (see Fig. The position of the \,qyp along propagation
requires to have a fine control of the taper. From our numerical data of dispersion,
it is possible to find a convenient fit to link it with the SMF cladding diameter,
d (see Fig. [6.1f(c)):

The input pulse used in this work is of the form A(z = 0,t) = \/Pysech(t/Tp)
with intensity full width at half maximum Tpy gy = 50 fs (Tp ~ 28.4) and the
peak power (Fy) of 7000 W. The soliton order N is computed by Eq.

The GA individuals are the result of the evaluation of a set of external param-

eters (initial and final Azpw, i.e. Azpw, and Azpw, respectively, and propagation
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Figure 6.1: (a) Nonlinear coefficient v and (b) dispersion parameter D for different
cladding diameters: d = 34.1,36.6 and 37.2 um (black, blue and red respectively).
(c) Dependence of zeroGV D on the SMF diameter d. Down scheme shows the side
view of the resultant linear tapered fiber, in which light propagation occurs from
left to right. The optimized taper length is L = 7.6 cm, and the diameters are
dop = 32.4 and dy = 37.8 pm.

length L in this work) and applies a minimization strategy to find the solutions
taking the minimum values of the fitness function ¢.
At the end (after m = 300 in our case), the best individual is picked of the

evolved population and chosen as optimal solution (see Fig|6.2)).

6.2 Ultra-flat spectrum

We implemented an optimization of three generations with a total of m = 300

individuals. The GA is designed to find the minimum value of the fitness function
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Figure 6.2: Diagram of the operation of the GA. In first stage a population of
possible solutions is generated randomly. In the second stage, new individuals are
created by M , X or R and each one is compared with the worst solution created in
the initial population, if the new individual is better, then it is selected as a new

individual in the next generation instead the worst solution, otherwise is dismissed.

¢ that depends on the three Azpw-profile parameters (Azpw,, Azpw,, and L).
The fitness function ¢ is defined as the area limited by spectral output in the
bottom, since Ay, = 1270 nm to Ape, = 1310 nm and a reference A,.; in the
top, the last being the maximum value of A?(z = L, \) (see Fig. [6.3(a)),

Amaz
6Ospwas Azows, L) = / Aoy — A= = L, M. (6.1)

Amin

Due to the function fitness characteristics, the GA will find the set of param-
eters that make ¢ = 0 (ideal solution). If the desired shape can not be achieved
(limited by the effect of optimized parameters on interplay of nonlinear effects),
the GA will find the closest value, it is related to the closest shape to the desired
one. We make \zpw, and Azpw, vary in the range of [1270,1310] nm to ensure
the pump in the normal region of the system and acquire relevant SPM effects,
whereas L is changed in the interval of [5,10] cm. In this particular optimization
problem, each evaluation typically requires 8 min in a conventional 12 Gb-RAM
computer system, which is equivalent to ~ 40 hr of CPU time to perform a single
run over m = 300 individuals.

The GA convergence is shown in fig. [6.3[(b). A significant improvement in
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Figure 6.3: (a) Schematic description of the fitness function definition. The
shaded area defines the value of the fitness function ¢. (b) Fitness function value

evolution during the GA optimization.

the fitness function value of the population is apparent, the mean fitness function
value of the population (red line) is monotonically decreasing as new individuals
are generated.

The best individual within the final population is taken as the optimized value.
The optimized parameters, result of the mentioned conditions, are shown in Table
. According to Figl6.1|(c), we obtain a linear-tapered fiber, which initial and
final diameters are dy = 32.3 and d; = 37.8 pum respectively.

Table 6.1: Optimal parameters, Azpw,, Azpw, , L, obtained for ultra-flat spectra
by the GA optimization with m = 300. The fixed laser parameters Trw s, Ao,
Py, with the fitness function value ¢ = 114.11 are shown.

Pulse parameters Optimal taper parameters
TFWHM (fS) )\Q (nm) P() (W) L (Cm) /\ZDWO (nm) /\ZDWL (nm)
50 1270 7000 7.6 1277 1302
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Figure shows spectral and temporal evolution of an N(z = 0) ~ 3.24 pulse
at the optimized length L = 7.6 cm. The black continuous line represents the
optimized \gyp and the white dashed lines delimit the spectral channel where the
ultra-flat spectral power was defined. Here it is shown the obtained flat-spectrum
exhibiting a 1-dB bandwidth of 90 nm and a 0.5-dB bandwidth of 50 nm.

1200 1300 1400 -0.2 -0.1 0 0.1 0.2
A (nm) T (ps)

Figure 6.4: (a) Spectral and (b) temporal evolution of a tapered SMF of optimized
L = 7.6 cm with Azpw, = 1267 nm and Azpw, = 1302 nm. It is pumped with a
fixed sech pulse centred in A = 1270 nm with 7000 W of peak power and a temporal
width of 50 fs (FWHM). Dashed vertical lines shows the spectral channel and the

continuous black vertical line represent the Az pyw .

The SPM has been demonstrated to be a crucial process in the initial stage of
the SC generation [16]. As we can see in the Fig. [6.4(b), a temporal compression
on the pulse is occurring, and it is directly associated with a relatively uniform
broadening on the spectral behavior in[6.4(a), it is certainly characteristic effects
of SPM. Although, nonlinear effects start their influence on the process (nonlinear
length, L, ~ 7.15 cm), another effects like four wave mixing (FWM) and soliton
fission can acquire relevant importance both in the spectral broadening and its

shape, but due to the constant increase in |f3(z,wp)| and the decrease in the
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nonlinearity coefficient v(z,wp) (both caused by the increase of the fiber diameter
across the propagation direction), these effects gradually decrease their impact
on the entire process. Finally, Fig. [6.5 shows the spectral output, both in linear

and logarithm scale, where the ultra-flat spectrum in the 1-dB power bandwidth

is shown.
11
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Figure 6.5: (a) Ultra-flat spectral output in linear scale of a sech pulse tapered
SMEF centred in A = 1270 nm, with 7000 W of peak power and a temporal width of
50 fs (FWHM), in a optimized L = 7.6 cm with Azpw, = 1267 and Azpw, = 1302
nm. Dashed vertical lines shows the defined spectral channel. (b) The 1-dB power

bandwidth is shown in logarithm scale.

We have demonstrated the use of GAs as a tool to get well-shaped spectral
outputs that can be useful for a variety of applications. Our strategy consists
in using a conventional tapered SMF, a laser source with commercial fixed pa-
rameters, and the well-defined fitness function to find the spectral output that
best suits to a pre-defined shape. In this work, we have obtained optimized fiber
parameters that can be suited with a taper, but it is possible to optimize the
laser source parameters as well, in order to not change the dimensions of the

propagation medium.

85



6. ULTRA-FLAT SPECTRUM BY OPTIMIZING THE ZERO
DISPERSION WAVELENGTH PROFILE USING GAS

86



References

[1] R. H. Stolen and C. Lin, “Self-phase-modulation in silica optical fibers,”
Phys.Rev. A 17, 1448 (1978).

[2] O. Boyraz, T. Indukuri, and B. Jalali, “Self-phase-modulation induced spec-
tral broadening in silicon waveguides,” Opt. Express 12, 829-834 (2004).

[3] X. Yang, D. J. Richardson, and P. Petropoulos, “Nonlinear Generation of
Ultra-Flat Broadened Spectrum Based on Adaptive Pulse Shaping,” J. Light-
wave Technol. 30, 1971-1977 (2012).

[4] K. Kashiwagi, H. Ishizu, Y. Kodama, and T. Kurokawa, “Background sup-
pression in synthesized pulse waveform by feedback control optimization for

flatly broadened supercontinuum generation,” Opt. Express 21, 3001-3009
(2013).

[5] R. Buczynski, D. Pysz, T. Martynkien, D. Lorenc, I. Kujawa, T. Nasilowski,
F. Berghmans, H. Thienpont, and R. Stepien, “Ultra flat supercontinuum

generation in silicate dual core microstructured fiber,” Laser Phys. Lett. 6,

575-581 (2009).

[6] N. Vukovic and N. G. R. Broderick, “Method for improving the spectral flat-
ness of the supercontinuum at 1.55 pum in tapered microstructured optical

fibers,” Phys. Rev. A 82, 043840 (2010).

[7] L. E. Hooper, P. J. Mosley, A. C. Muir, W. J. Wadsworth, and J. C.
Knight, “Coherent supercontinuum generation in photonic crystal fiber with
all-normal group wvelocity dispersion,” Opt. Express 19, 4902-4907 (2011).
[70]

87



REFERENCES

8]

[10]

[12]

[13]

[14]

[15]

[16]

[17]

W. J. Wadsworth, A. Ortigosa-Blanch, J. C. Knight, T. A. Birks, T.-P.
Martin Man, and P. St. J. Russell, “Supercontinuum generation in photonic
crystal fibers and optical fiber tapers: a novel light source,” J. Opt. Soc. Am.
B 19, 2148-2155 (2002).

R. Zhang, X. Zhang, D. Meiser, and H. Giessen, “Mode and group velocity
dispersion evolution in the tapered region of a single-mode tapered fiber,”
Opt. Express 12, pp. 5840-5849 (2004).

A. Kudlinski, A. K. George and J. C. Knight, “Zero-dispersion wavelength
decreasing photonic crystal fibers for ultraviolet-extended supercontinuum
generation,” Opt. Express 14, 5715-5722 (2006).

R. Zhang, J. Teipel, X. Zhang, D. Nau, and H. Giessen, “Group velocity
dispersion of tapered fibers immersed in different liquids,” Opt. Express 12,
pp. 1700-1707 (2004).

R.P Kenny, T.A. Birks, and K.P. Oakley, “Control of optical fibre taper
shape,” Electron. Lett. 27, pp. 1654-1656 (1991).

H.J. Kbashi, “Fabrication of Submicron-Diameter and Taper Fibers Using
Chemical Etching,” J. Mater. Sci. Technol. 28, 308 - 312 (2012).

Y. Pan and D. L. Farkas, “Noninvasive imaging of living human skin with
dual-wavelength optical coherence tomography in two and three dimensions,”
J Biomed Opt. 3, 446-455 (1998).

L. Graini and K. Saouchi , “WDM Transmitter Based on Spectral Slicing of

Similariton Spectrum,” Lecture Notes on Photonics and Optoelectronics 1,

30-34 (2013).

G. P. Agrawal, Nonlinear Fiber Optics, 4th ed. (Academic Press. 2007).
B4

www.optiwave.com

38



7

Conclusions

Throughout the development of this work, it has been shown that it is possible
to model the spectral output of the supercontinuum (SC) generation by both
physical-mathematical analysis and by the use of computational tools such as
genetic algorithms and GRID infrastructure. Firstly and regarding the physical-
mathematical analysis, it has been presented a versatile method to obtain a multi-
peak spectra exhibiting predefined discrete peaks arising from IR Cherenkov radi-
ation emitted from bright solitons. This mechanism is based on an on/off switch
made by splicing several pieces of uniform single mode fiber (SMF) and pump-
ing with a commercial micro-chip laser at 1060 nm. This is motivated by the
wide interest that the second near IR window (950-1350 nm) presents for med-
ical imaging. This device can be efficiently controlled by the adequate design
of the group velocity dispersion (GVD) profiles of each fiber segment, being the
zero dispersion wavelength, \.qvp, the key parameter to control. Our numerical
results show the generation of well defined spectral peaks when we launch soli-
tonic pulses in a non-uniform fiber consisting on several uniform sections, each
of them with different cladding diameters. These diameters can be selected in
order to obtain highly efficient energy transfer between the soliton and the dis-
persive waves (DWs) at selected wavelengths. Additionally, strong remnants of
Airy waves also grow in the spectrum which may constitute an interesting extra
degree of freedom to control the spectral profile. Our analysis demonstrates that

a single soliton (N < 2) is enough to efficiently generate several spectral peaks

39



7. CONCLUSIONS

from dispersive waves. This method is versatile for applications requiring the si-
multaneous illumination with light containing multiple and specific wavelengths
and can be implemented using off-the-shelf optic components such as a standard
SMF's and common laser sources.

Secondly and regarding computational tools, it is presented a well defined
and efficient optimization procedure of a Ti:Saphire laser pulse parameters to
obtain the maximum frequency conversion using a simple device by mean of SC
generation in the anomalous region. Unlike the previous optimization method,
this optimization is achieved with the use of genetic algorithms (GAs) and GRID
infrastructure. Therefore, it has been shown that efficient spectral conversion
based on soliton self-frequency shift (SSF'S) can be achieved using a simple pho-
tonic crystal fiber (PCF) as a medium of generating spectral broadening pumped
by a Ti:Sapphire laser just by properly controlling optimized input pulses. Since
the optimization algorithm has been properly encoded for its deployment into
a GRID platform, scalability of the optimization procedure is guaranteed if re-
quired. This scenario involves fission into multisoliton states that provide different
spectral channels for frequency conversion, thus, decreasing the conversion effi-
ciency into every single channel. Since our fitness function is minimized when
the spectral output is maximum in a single channel of an specified width, it was
proved that the multisoliton fission scenario is not expected to provide the best
individual when using our GA. The same optimization method provides the opti-
mum input pulse parameters required to control the SC dynamics in a way that
the first two ejected Raman solitons are centered at two pre-defined wavelengths.
The results are shown to be of interest for practical OCT applications in the NIR
IT region where dual frequency, pulsed sources enable in vivo imaging, and avoid
spurious results.

Finally, it has been presented a well defined and efficient optimization pro-
cedure to obtain a shaped spectral output based on SC generation. This op-
timization is achieved with the use of pre-defined genetic algorithm functions.
An ultra-flat spectrum was achieved numerically to prove the functionality of
the method using commercial laser parameters and a standard single mode fiber

based mainly on self-phase modulation effects, i.e., with the appropriate fiber,
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laser source, and fitness function it is possible to obtain shaped spectral output
with our method.

With this work, it is shown how SC spectra can be tailored with the described
methods, resulting in a useful tool with great potential for optimization of the
output of SC spectra for practical applications. This thesis has revealed many
promising areas of further research in optimization of SC field. It has been shown
that the optimization can be achieved using cheap computational systems and the
adequate GA, until complex and expensive computational structures like GRID
platforms. Then, the combination of the GA methodology with the use of GRID
platform, and an appropriate theoretical analysis technique is therefore desirable.

It is regarded as the further work of this project.
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and A. Ferrando, “Supercontinuum optimization for dual-soliton based light sources
using genetic algorithms in a Grid platform,” Opt. Express 22, 23686-23693
(2014).

Submitted Paper

F. R. Arteaga-Sierra, C. Milian, I. Torres-Gomez, M. Torres-Cisneros, G. Molto,
and A. Ferrando, “Optimization for mazimum Raman frequency conversion as a
%

tunable optical source using genetic algorithms implemented in a Grid platform,’

submitted to Laser Physics.

93



A. PUBLISHED AND IN-PROCESS PAPERS

Paper in preparation

F. R. Arteaga-Sierra, I. Torres-Gomez, and M. Torres-Cisneros, “Utra-flat su-
percontinuum spectrum by optimizing the zero dispersion wavelength profile in a

tapered fiber using genetic algorithms,” to be submitted to Optical Review.

94



95



	CarátulaSigned
	Abstract
	thesis_VD
	List of Figures
	List of Tables
	1 Introduction
	References
	2 Supercontinuum modelling and the genetic algorithms 
	2.1 Nonlinear pulse propagation
	2.1.1 Fourier split-step numerical solution 

	2.2 Genetic algorithms and GRID platform 

	References
	3 Dynamics of supercontinuum 
	3.1 Dispersion 
	3.2 Self-phase modulation 
	3.3 Cross-phase modulation
	3.4 Soliton fission
	3.5 Dispersive waves 
	3.6 Soliton self-frequency shift 

	References
	4 Spectra generation by Cherenkov radiation 
	4.1 Pulse propagation in non-uniform fiber
	4.2 Generation of discrete Cherenkov spectra

	References
	5 Optimization of Raman frequency conversion and dual-soliton based light sources 
	5.1 Supercontinuum modeling and genetic algorithm
	5.2 Raman frequency conversion
	5.2.1 Optimal solution using genetic algorithms
	5.2.2 Optimal solution using exhaustive search

	5.3 Dual-pulse solitonic source optimization

	References
	6 Ultra-flat spectrum by optimizing the zero dispersion wavelength profile using GAs 
	6.1 Pulse propagation and fitness function
	6.2 Ultra-flat spectrum

	References
	7 Conclusions 
	A Published and In-Process Papers




