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Chapter 1

Introduction

The area of nonlinear fiber optics has been an enormous research platform since the
development of the first low-loss fiber in 1970. During these 50 years, the research evolved
from concentrating on low-loss transmission and maintaining the proper quality of the
signal to creating the µm-level structures inside the silica glass fibers. Optical fibers are
now an essential part of not only telecommunication systems, but are also widely used
as sensors or endoscopes for medical measurements, in power transmission systems, and
numerous laser system configurations. All-fiber setups are easy to adjust, are prone to
environmental conditions and possess a high potential of miniaturization and integration.
What is more, fiber-based lasers are characterized by excellent beam quality and ease of
heat dissipation in contrast to high-power solid-state lasers.

The invention of microstructured optical fibers (MOF) was a huge revolution to fiber
laser systems. Their flexibility in designing nonlinear and dispersive parameters of the
fiber allows for observation and generation of the nonlinear effects at levels that were not
achievable before. This possibility is a direct consequence of the MOF feature, where the
effective mode area can be decreased, which significantly increases the efficiency of the
nonlinear processes. The nonlinear fibers combined with the simultaneously developed area
of the ultrafast pulsed lasers allow to make sources widely used in spectroscopy, biomedical
imaging, and frequency comb generation.

Indeed, the development of nonlinear optics would not be possible without the proper
laser sources. Here, especially ultrafast fiber lasers generating pulses of a duration as short
as even few femtoseconds are essential to generate a wide variety of phenomena in different
optical fibers. Femtosecond lasers that implement different mode-locking mechanisms,
such as graphene, SESAM, carbon nanotubes or nonlinear polarization evolution, have
proved to provide a stable train of ultrashort pulses. The intensity levels of such pulses
are high enough to allow for observations of various nonlinear effects. One of them is
a spectral conversion that enables to shift the operating wavelength towards a desired
wavelength region. As a result, we can aim at wavelengths that are not normally achieved
through direct emission. Figure 1.1 shows the spectral coverage of the existing active
media: Neodymium (Nd), Ytterbium (Yb), Erbium (Er), Thulium (Tm), and Holmium
(Ho). It is clearly visible that these media do not cover all wavelengths. Yet, regions such
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as 1.3 or 1.7 µm have recently started drawing attention due to their possible application
in biomedical areas such as three-photon microscopy and optical coherence tomography.
There is ongoing research on laser sources operating at these wavelengths, however, their
efficiency is significantly limited. The solution here would be to implement nonlinear fibers
with ultrafast lasers to shift the operating wavelength to the desired region. The spectral
conversion in these fibers could successfully fill the gap in the spectral bandwidth between
the available gain media. Such sources are going to be demonstrated in this dissertation.

Figure 1.1: Spectral coverage of the gain media: Neodymium (Nd), Ytter-
bium (Yb), Erbium (Er), Thulium (Tm) and Holmium (Ho).

The combination of ultrafast lasers and nonlinear fibers makes a powerful tool that
can be tailored for specific requirements. On the one hand, one can adjust laser pulse
parameters such as pulse duration and a peak power, on the other, we can modify the fiber
parameters in various ways, e.g., to change the zero-dispersion wavelength or increase the
nonlinearities. However, although versatile and adaptive, these laser sources must satisfy
a number of requirements for applications such as frequency metrology, spectroscopy or
biomedical imaging. In these areas, the demands for possible sources are high, and the
noise properties need to be highly controlled and suppressed. The requirements include
high stability, high degree of coherence and excellent intensity noise properties. For
this purpose, several methods and techniques have been developed and implemented to
investigate the noise dynamics of the laser sources based on the nonlinear fibers.

The dissertation is devoted to an analysis of the spectral conversion phenomenon in
nonlinear silica fibers. The conducted research included the generation and description
of Soliton Self-Frequency Shift (SSFS) and supercontinuum effects, the investigation of
the stability and noise properties of the generated signals, numerical simulations of these
effects and the impact of self-phase modulation (SPM) on the pulse spectrum.

The aim of the research was:

• The characterization of the spectral conversion phenomenon in air-silica microstruc-
tured fiber when pumped with different laser sources (the Ytterbium- and Erbium-
doped fiber lasers)

• A complete noise characterization of the nonlinear effects: SSFS generated in
anomalous-dispersion fiber and supercontinuum in normal-dispersion fiber

• Numerical analysis of a spectral compression effect in an optical fiber with non-
constant dispersion profile.
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Chapter 1. Introduction

• An assembly of a setup of a narrow-linewidth laser source tunable in the wavelength
range of 1650-1900 nm with an additional amplification stage.

The thesis was:

• Spectrally-shifted solitons generated in the anomalous dispersion regime possess as
good stability as the all-normal dispersion supercontinuum and can be used as seeds
for Tm-doped fiber amplifiers.

• The SSFS phenomenon allows for the generation of narrow-linewidth spectrally
shifted solitons.

The dissertation consists of 6 Chapters, including Introduction and Conclusions. Chap-
ter 2 provides theoretical background, Chapters 3 to 5 describe experimental work con-
ducted by the Author.

Chapter 2 begins with an introduction to nonlinear effects in optical fibers. It contains
theoretical information on ultrashort pulse propagation in an optical fiber, the nonlinear
effects and dispersion that affect such pulses. The origins of a stimulated Raman scattering
that leads to the spectral conversion process of the optical pulses provided to the fiber are
discussed. The two major nonlinear effects: the soliton self-frequency shift (SSFS) and
the supercontinuum are described. Also, a technique that is used to numerically model
the nonlinear phenomena in optical fibers is presented. In the end, the microstructured
optical fiber’s design is given and the nonlinear effects such as SSFS and supercontinuum
are simulated in segments of such fibers.

Chapter 3 presents the analysis of a microstructured silica fiber pumped in a dual-
wavelength regime. Since the MOF technology allows for flexibility in designing fiber
dispersion and nonlinearity properties, it opens new possibilities for creating fiber-based
systems adapted to multi-wavelength pumping. Specifically, by shifting the ZDW towards
shorter wavelengths, one can obtain a fiber suitable for two common pumping wavelengths:
1 µm and 1.5 µm. In this Chapter, the results of SSFS effect generated for two pumping
sources in such a fiber are going to be demonstrated. The research is a result of the
cooperation with the Faculty of Fundamental Problems of Technology, the Laboratory of
Optical Fiber Technology in Lublin and the Fibrain Company from Zaczernie as a part of
the research project. The goal of the project was to generate frequency-shifted solitons
in the fabricated MOF for two pumping laser sources, and perform full characterization
including measurements of optical spectra, average power levels stored in the solitons,
pulse-to-pulse coherence and polarization extinction ratio.

Chapter 4 concentrates on the comprehensive noise characteristics of two nonlinear
phenomena: SSFS and All-Normal Dispersion (ANDi)-supercontinuum, generated in a
microstructured silica fiber designed for different dispersion regimes: anomalous and
normal dispersion. The research addresses the current problem of finding a femtosecond
laser source operating at 2 µm that would feature low noise and good stability. The
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nonlinear effects generated in the microstructured fibers stand as an alternative to the
direct emission with the use of Ho- and Tm-based sources. In this Chapter, an analysis of
pulse-to-pulse coherence, shot-to-shot noise and amplitude noise for two nonlinear effects
generated in MOFs with opposite dispersion profiles is being discussed and compared.
Eventually, a Tm-doped fiber amplifier seeded by two generated nonlinear phenomena:
SSFS and ANDi-SC, is presented. The fiber amplifier in two configurations has been
compared in terms of intensity noise and characterized by the Frequency Resolved Optical
gating (FROG) measurements.

Chapter 5 presents the description of the spectral compression technique that can be
provided in a specially designed Comb-Profile Fiber (CPF). The first part concentrates
on the comprehensive numerical analysis of the phenomenon. This part includes the
simulations performed for an ideal CPF where the dispersion is described with a formula,
and for a fiber that is combined of two commercially available fibers in such a way
that the resulting dispersion profile varies along the fiber length. For the latter case,
different configurations are tested. Next, the optimal configuration of the CPF is found
and investigated in the experimental part. The ultrashort laser pulses from the Erbium-
doped fiber laser are provided to a PM-SMF to obtain optical solitons tunable in the
wavelength range between 1620-1900 nm. Then, these pulses go to the CPF. As a result,
the assembled setup emerged as a narrow-linewidth laser source with the tuning possibility
in the wavelength range of 1622-1900. In the end, the amplification stage is presented with
the Thulium-doped amplifier adjusted for the short-wavelength range (1650-1860 nm).

9



Chapter 2

Nonlinear fiber optics: theoretical
background

2.1 Introduction
Fiber optic systems have been attracting attention for a long time, but the real interest

began in the 70s of the 20th century when fiber losses were reduced to the level of 20
dB/km [1]. Further development of the fiber fabrication allowed for the fiber loss to be
scaled down to 0.2 dB/km for 1.55 µm wavelength [2]. The possibility of the low-loss
transmission through optical fibers led to the enormous progress not only in the field of
fiber optic telecommunication systems [3, 4], but it started a new research area on nonlinear
optics [5, 6]. Soon after the first low-loss fiber was presented by Corning [1], the researchers
in Bell laboratory observed numerous nonlinear effects in silica fiber such as Self-Phase
Modulation (SPM), Four-Wave Mixing (FWM), Stimulated Raman Scattering (SRS), and
Stimulated Brillouin Scattering (SBS) [7–12]. The intense studies on various nonlinear
phenomena led to the revelation that optical fibers can support soliton pulses due to the
interplay between dispersion and nonlinearities in the fiber [13] and the actual observation
of the soliton in the optical fiber by Mollenauer et al. [14]. This major discovery was a
real breakthrough as it enabled numerous advances in ultrashort pulse generation and
pulse control, methods of pulse compression, and optical switching techniques.

A new revelation was finding that optical fibers can be doped with rare-earth elements
(such as Erbium, Ytterbium, Thulium, and Holmium). It opened the possibility to build
fiber lasers and amplifiers. What is more, together with the generation of the nonlinear
effects also in the optical fibers, it is now possible to build entirely fiberized systems. Such
setups became popular due to numerous advantages they offer, immunity to dis-adjustment,
the possibility to be used outside the laboratory environment and often relatively low
costs.

In this Chapter, basic information on the nonlinear phenomena in optical fibers is going
to be demonstrated. An ultrashort pulse propagation inside the optical fiber is going to
be analyzed in terms of dispersion, SPM and SRS. One of the most important formulas in
nonlinear optics, the Nonlinear Schrödinger Equation, is going to be described. Examples
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2.2. Pulse propagation in optical fibers

of different types of microstructured silica fibers are going to be presented. Eventually,
the method for simulating pulse behaviour in the fiber is going to be explained.

2.2 Pulse propagation in optical fibers

2.2.1 Optical fibers: basic features
When we launch light into an optical fiber, it remains in the core and is propagated

along the fiber length as a result of dielectric waveguiding. This mechanism is called total
internal reflection and can be possible due to the core/cladding refractive index difference.
This fact is the main distinction between optical fibers and bulk media, such as nonlinear
crystals and liquids. The core diameter for single-mode fibers is <10 µm, but it can
be reduced to even below 1 µm for microstructured silica fibers, which are extensively
developed nowadays.

The silica glass is not especially known for its extraordinary nonlinear properties. In
fact, it exhibits a relatively low nonlinear coefficient, even up to 100 smaller when compared
to other nonlinear crystals and liquids [15]. When comparing the values of Raman and
Brillouin coefficients with other nonlinear media, the values for silica are usually 2 orders
of magnitude lower [16]. Nevertheless, there are a few unquestionable advantages of glass
which make it a perfect material for the light transmission [17]:

• Low-loss transmission (<1 dB/km). Although silica fibers feature low nonlinearities,
they are able to transmit light over long distances maintaining the optical intensities
of the signal. Today, most commercially available optical fibers are able to transmit
96% of the power over a 1 km fiber length.

• Wide range of accessible temperatures. Unlike many materials, such as metals, or
water, glass does not become solid at a discrete temperature. It gets stiffer in a
broader range of temperatures which is used as a feature to draw optical fibers.

• The strength of glass which is estimated to be around 140,000 kg/cm2 [17]. A glass
fiber that is used in telecommunication systems possesses a diameter of 125 µm
which corresponds to twice the human hair thickness, and is possible to support an
≈18 kg load.

The efficiency of a nonlinear process is defined as a product of optical intensity (I0)
and the effective length Leff where this intensity is maintained [18]. If the light is focused
on a region with a spot of a radius w0, then the optical intensity can be described as
I0 = P0/(πw2

0), where P0 refers to the optical power of the incident light. From this
relation, it can be concluded that the optical intensity can be easily increased by reducing
the value of w0. However, for a Gaussian beam, the effective length is proportional to
the spot area (Leff ∝ πw2

0/λ, where λ denotes wavelength), therefore reducing the beam
radius would consequently reduce the Leff . For bulk media, the efficiency of a process is
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Chapter 2. Nonlinear fiber optics: theoretical background

described as:
(I0Leff )bulk =

(
P0

πw2
0

)
πw2

0
λ

= P0

λ
, (2.1)

and it does not depend on the spot size.
The spot size w0 in a single-mode fiber is determined by the fiber core diameter and

the core/cladding refractive index difference. Since the same spot size is kept along the
entire fiber length L, the effective length is limited only by the fiber loss α. If we consider
that I(z) = I0exp(−αz), and that I0 = P0/(πw2

0), where P0 determines the optical power
coupled into the fiber, the efficiency of the process is described as:

(I0Leff )fiber =
∫ L

0
I0e

−αzdz = P0

πw2
0α

(1 − e−αL). (2.2)

When comparing Equations 2.1 and 2.2, it can be noticed that for long fibers, the efficiency
can be improved by the factor:

(I0Leff )bulk

(I0Leff )fiber

= λ

πw2
0α

, (2.3)

where the assumption was that αL ≫ 1. For the wavelength λ = 0.43 µm in the visible
region, the spot size w2

0 = 2 µm, and α = 2.5 × 10−5 cm−1 (10 dB/km), the enhancement
factor is almost 107. For the near-infrared region (λ = 1.55 µm), and fiber loss α =
0.2 dB/km, the enhancement factor reaches 109. Such enormous values of efficiency
enhancement of the nonlinear phenomena make silica single-mode fibers an optimal
medium for the generation and observation of numerous nonlinear processes at relatively
low optical power levels.

2.2.2 Mathematical description of electromagnetic wave propa-
gation

The propagation of an electromagnetic field in optical fibers is governed by Maxwell’s
equations. In the International System of Units, they are defined as [19]:

∇ × E = −∂B

∂t
, (2.4)

∇ × H = J + ∂D

∂t
, (2.5)

∇ · D = ρf , (2.6)

∇ · B = 0, (2.7)

where symbols E and H refer to electric and magnetic field vectors, respectively, and D and
B correspond to electric and magnetic flux densities. The sources for the electromagnetic
field are represented by the current density vector J and the charge density ρf . In a
medium such as an optical fiber, where there are no free charges, both these symbols J
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2.2. Pulse propagation in optical fibers

and ρf amount to zero.
Both magnitudes of electric and magnetic flux densities D and B are directly related

to the vectors E and H through the relations, specifically:

D = ϵ0E + P, (2.8)

B = µ0H + M, (2.9)

where ϵ0 has already been described above as the vacuum permittivity, µ0 refers to vacuum
permeability, and P and M correspond to electric and magnetic polarizations. The optical
fibers are made of silica, which is a nonmagnetic material, hence M=0. The parameters
µ0 and ϵ0 are constants, and their values are [20]:

µ0 = 4π × 10−7 H/m, (2.10)

ϵ0 = 10−9

36π
F/m. (2.11)

The Maxwell’s equations gathered above can be used to define the wave equation describing
light propagation in optical fibers where the electric and magnetic fields are simply two
aspects of a physical phenomenon which is an electromagnetic field. The general form for
the wave equation can be obtained by first taking the curl of Eq. 2.4 and using Eqs. 2.5,
2.8, and 2.9. This way, one can replace B and D with E and P and obtain:

∇ × ∇ × E = − 1
c2

∂2E
∂t2 − µ0

∂2P
∂t2 , (2.12)

where c corresponds to the speed of light in a vacuum. Here the relation between the
constants µ0 and ϵ0 was implemented:

µ0ϵ0 = 1/c2. (2.13)

This relation between the speed of light and the electric and magnetic properties of a
material was one of the greatest achievements of Maxwell’s theory. When regarding the
constants’ values from Eqs. 2.10 and 2.11, one can obtain the value for the velocity of
light in a vacuum [20]:

c = 2.997924562 × 108 m/s. (2.14)

Naturally, in any material, the velocity of propagating light is less than c. The index of
refraction, n, is a parameter that describes the relation between the speed of light, c, and
the velocity of light in the material, ν:

n = c

ν
=
√

ϵµ

ϵ0µ0
(2.15)

The index of refraction from Eq. 2.15 stands for the real part of the complex description
of the refractive index, which will be later discussed in Section 2.4. For the nonmagnetic
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Chapter 2. Nonlinear fiber optics: theoretical background

materials µ ≈ µ0, therefore, the index of refraction is determined mainly by the medium
permittivity, ϵ, which is related to the electromagnetic wave frequency.

2.2.3 Fiber attenuation
The attenuation of the optical fiber is a crucial characteristic as it determines the

information capacity in fiber optic telecommunication systems. When the power of the
incident signal, P0, is launched to the fiber of a length L, the output power, Pt, is determined
as:

Pt = P0 exp(−αL), (2.16)

where α represents the attenuation constant. The fiber attenuation is usually expressed in
dB/km with the use of the relation:

αdB = −10
L

log
(

Pt

P0

)
. (2.17)

For pure silica, the attenuation is below 1 dB/km in the wavelength range of 0.8-1.8 µm.
Below 0.8 µm and beyond 1.8 µm, the attenuation significantly increases. The attenuation
spectra for GeO2-SiO2 fiber is depicted in Figure 2.1. The attenuation minima are around
1.3 µm and 1.55 µm, the latter as low as 0.2 dB/km. These two spectral bands correspond
to windows widely used in telecommunication systems.

Figure 2.1: Spectral attenuation profile of a standard GeO2-SiO2 fiber [20].

There are several factors that contribute to fiber loss, whose spectrum is presented in
Figure 2.1. The leading cause is material absorption and Rayleigh scattering. These effects
are absorbed by silica glass, especially in the ultraviolet region and beyond the 2 µm due to
the electronic and vibrational resonances of the silica. Nevertheless, even small impurities
can lead to an increase in the absorption within the wavelength range of 0.5-2 µm. The
Rayleigh dispersion is a consequence of variations in the material density. Consequently,
random fluctuations of the refractive index arise, which lead to light scattering. The effect
changes with λ−4 and is more significant for shorter wavelengths. The local attenuation
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2.2. Pulse propagation in optical fibers

minimum at 1.55 µm is mostly a result of Rayleigh scattering.
Another loss contribution which is particularly hard to eliminate is the hydroxyl group,

OH, which results from water vapor. The main water absorption peak is located at 2.73
µm. The peak near 1.4 µm, and the smaller around 1.23 µm, which are visible in Figure
2.1, correspond to the higher harmonics of the OH-absorption peak. The fiber fabrication
process is performed with special precautions to keep the OH-ion contribution at the level
below one part in one hundred million [21].

2.2.4 Chromatic dispersion
When considering different phenomena and factors affecting the pulse in an optical fiber,

dispersion would be by far the most important. The definition of chromatic dispersion
describes it as a frequency (ω) dependence of a refractive index n(ω) that originates from
an interaction between the electromagnetic wave and the bound electrons of a dielectric
[22]. Dispersion is a critical factor, especially for ultrashort pulses, as it leads to the
situation when different frequency components travel with different speeds (given by
c/n(ω)). Mathematically, the effect of chromatic dispersion on the propagating pulse can
be explained by expanding the mode-propagating constant β into the Taylor series:

β(ω) = n(ω)ω

c
= β0 + β1(ω − ω0) + 1

2β2(ω − ω0)2 + . . . , (2.18)

where
βm =

(
dmβ

dωm

)
ω=ω0

(m = 1,2,3 . . . ). (2.19)

Terms β1 and β2 are directly associated with the refractive index through the relation:

β1 = 1
νg

= ng

c
= 1

c

(
n + ω

dn

dω

)
(2.20)

β2 = 1
c

(
2dn

dω
+ ω

d2n

dω2

)
(2.21)

where symbols ng and νg refer to group index and group velocity, respectively. The
interpretation of the νg refers to the situation where the pulse envelope moves with the
velocity of νg = c/ng, and the parameter β2 accounts for the dispersion of the group
velocity, named as Group Velocity Dispersion (GVD). The GVD usually serves as an
individual parameter which is expressed in ps2/km or fs2/km. The GVD is associated
with another dispersion parameter, D, widely used in optical communication systems:

D = −2πc

λ2 β2, (2.22)

where λ denotes the wavelength. The parameter D is usually expressed in ps/nm·km.
Both values, β2 and D, reach zero for the wavelength of ≈ 1.31 µm (for standard telecom-
munication fiber, SMF28) and change sign for wavelengths above that value. This specific
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wavelength is referred to as zero-dispersion wavelength (ZDW) and denoted as λD. For the
wavelengths near to ZDW value, the dispersion impact on the pulse does not disappear.
In this region, the impact of other term: Third-Order Dispersion (TOD) coefficient β3

should be taken into account. The impact of the TOD and other higher-order dispersion
parameters can include pulse distortions in both linear [22] and nonlinear [23] regimes,
and it needs to be considered for the ultrashort pulses or in the vicinity of ZDW.

Total dispersion also includes the impact of the waveguide dispersion, which results
from the difference between the refractive index of the core and the cladding. Because the
contribution of the waveguide dispersion to the total dispersion depends on fiber design
parameters (such as core radius or difference between the core/cladding refractive indexes),
it can actually allow for changing the dispersion profiles, namely shifting the ZDW for
longer wavelengths. This feature is widely used in fiber optic systems to manufacture fibers
with dispersion tailored for specific applications. Fibers with the ZDW shifted to the 1.55
µm are called dispersion-shifted fibers (DSF) and are often employed for long-haul optical
fiber systems. Fibers with large positive values of β2 are called dispersion-compensating
fibers (DCF) and are utilized, e.g., in optical amplifiers for dispersion compensation. The
dispersion profiles (for both GVD and D) of SMF, DSF and DSF are presented in Figure
2.2.

Figure 2.2: Examples of dispersion profiles for standard single-mode fiber
(SMF), dispersion-shifted fiber (DSF) and dispersion-compensating fiber
(DCF): (a) GVD parameter, (b) dispersion parameter, D. The anomalous
dispersion regime corresponds to the region of GVD < 0, whereas the normal
dispersion regime describes the wavelength region of GVD > 0.

The λD parameter is used to define two regions: normal and anomalous dispersion
(or positive and negative) depending on the sign of the GVD parameter. The anomalous
(negative) dispersion regime refers to the wavelength region below the λD, and the normal
(positive) dispersion refers to the wavelengths above the λD. It can be observed from
Equation 2.22 that D possesses the opposite value to β2.

In the presence of dispersion, namely GVD, different frequency components propagate
at different speeds and hence, arrive at different times. The relative delay ∆tD, which
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2.2. Pulse propagation in optical fibers

corresponds to the difference in arrival time of frequency components ω1 and ω2 after
propagating distance z:

∆tD = z

νg(ω1)
− z

νg(ω2)
= (dνg/dω)(ω2 − ω1)z

ν2
g

(2.23)

Since β2 can be described as:
β2 = −dνg/dω

ν2
g

, (2.24)

the delay time can be expressed as:

∆tD = −β2(ω2 − ω1)z. (2.25)

Equation 2.25 indicates that the difference in arrival time of different frequency components
is proportional to the group velocity dispersion, β2, the frequency difference ω2 − ω1, and
the propagation distance, z. For β2 < 0 (anomalous dispersion regime), higher frequency
components arrive first, whereas in case of β2 > 0 (normal dispersion regime), the situation
is opposite. This effect is described as a frequency chirp that a pulse can acquire after
propagating inside a fiber and is graphically described in Figure 2.3. After propagating in
the fiber with an anomalous dispersion profile, the pulse acquires a negative chirp, whereas,
in case of propagation in normal dispersion fiber, the acquired chirp is positive.

Figure 2.3: An illustration of acquiring chirp by the laser pulse after propa-
gating in the fiber with anomalous and normal dispersion.

It will be described in the next Section that the impact of the nonlinear effects on
the propagating pulse is strictly dependent on the GVD of the fiber. The anomalous
dispersion regime has attracted attention due to the fact that this regime supports
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soliton formation. Recently also the normal dispersion happened to become useful to
adapt low-noise supercontinuum generation. Both these effects will be later analyzed
comprehensively.

Dispersion compensation
As it has already been mentioned, standard SMF possesses zero dispersion wavelength

at 1.33 µm. Therefore, laser systems operating in the telecommunication window at
1.55 µm are characterized by negative dispersion, β2. In the presence of dispersion, the
unchirped pulse gets broadened. When a pulse at 1.55 µm propagates in a conventional
fiber characterized by anomalous dispersion (β2 < 0), the pulse leading edge is blueshifted,
whereas the trailing edge is redshifted (which corresponds to rising the instantaneous
frequency with time). If such a pulse is launched to a fiber of adjusted length and a normal
dispersion regime (β2 > 0), the pulse can be compressed back to its original temporal
duration. This process is known as dispersion compensation. This technique is widely
used, e.g., in chirped-pulse amplification systems to stretch and compress laser pulses.

2.3 Generalized Nonlinear Schrödinger Equation
Studies on nonlinear effects that occur in optical fibers usually implement short laser

pulses of a duration shorter than 10 ps. When such short pulses are provided to an optical
fiber, they are affected by both dispersion of the fiber and nonlinear effects. The general
equation that includes both linear and nonlinearities for pulse propagation is described as
a Generalized Nonlinear Schrödinger Equation (GNLSE), and for ultrashort pulses (< 5
ps), it takes the form:

∂A

∂z
+ α

2 A + iβ2

2
∂2A

∂t2 − β3

3
∂3A

∂t3 = iγ

(
|A|2A + i

ω0

∂

∂t
(|A|2A) − TR

∂|A|2

∂t

)
, (2.26)

where A corresponds to a slowly varying pulse envelope, α describes fiber losses, terms: β2

and β3 represent chromatic dispersion coefficients, γ is a nonlinear coefficient, TR defines
Raman response function, and t and z refer to time and propagation distance, respectively.
The GNLSE is a fundamental equation in nonlinear optics and has been widely used to
study ultrashort pulse propagation in optical fibers, especially optical solitons [13, 24–27],
that will be described better in the next Section.

For pulses of a duration t0 > 5 ps, the parameters (ω0t0)−1 and TR/t0 become negligible,
and therefore the last two terms of the Eq. 2.26 can be eliminated. The contribution
of third-order dispersion for longer pulses also plays a minor role (assuming that the
operating wavelength is not in the close area of ZDW), therefore the equation can be
simplified to a form:

i
∂A

∂z
+ iα

2 A − β2

2
∂2A

∂t2 + γ|A|2A = 0. (2.27)

Equation 2.27 is often called the Nonlinear Schrödinger Equation (NLSE), and is very
useful for performing the investigation of third-order nonlinear phenomena in optical fibers.
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2.3. Generalized Nonlinear Schrödinger Equation

The NLSE provides a general description of a pulse propagating in a fiber when being
influenced by both GVD and fiber nonlinearities. To properly investigate these factors,
a good way is to propose the approach of considering only one type of the phenomena
(linear or nonlinear) and neglecting the latter simultaneously. The following subsections
will consider and analyze particular versions of Eq. 2.27.

2.3.1 Pulse propagation in the presence of dispersion only
First, let us consider the NLSE by treating the fiber as a linear medium where there

are no nonlinear effects. By also neglecting the fiber attenuation, Eq. 2.27 takes now the
form:

i
∂A

∂z
− 1

2β2
∂2A

∂τ 2 = 0. (2.28)

The general solution to this equation is as follows:

A(z,t) =
∫ ∞

0
A(0,ω)ei((1/2)β2ω2z−ωτ)dω, (2.29)

where A(0,ω) refers to the frequency spectrum of the pulse. The equation above can be
transformed to the form describing the electric field of a Gaussian pulse E of an amplitude
E0, where each spectral component propagates over distance z with propagation constant
β(ω) acquiring phase variation β(ω)z. Therefore, at z, the electric field is:

E(z,t) =
∫ +∞

−∞
E(0,ω)exp {i[β(ω)z − ωt]}dω. (2.30)

By providing the Taylor series expansion of the propagation constant β(ω) from Eq. 2.18
and keeping terms up to second order in the term (ω − ω0) it can be expressed as [20]:

E(z,t) = E0

(1 + σ2)1/4 exp
{

−(t − z/νg)2

2t2
p(z)

}
exp{i[β0z − ϕ(z,t)]}, (2.31)

where νg refers to group velocity, tp describes the half-width of the pulse, and the phase
shift ϕ can be expressed with the use of additional parameters: κ and σ:

ϕ(z,t) = ω0t + κ

(
t − z

νg

)2

− 1
2tg−1(σ), (2.32)

κ = σ

2(1 + σ2)t2
0
, (2.33)

σ = β2z

t2
0

, (2.34)

t2
p (z) = t2

0 (1 + σ2). (2.35)

Equation 2.32 indicates that the pulse phase is varied quadratically with time. Consequently,
the instantaneous frequency, ω also varies across the pulse and differs from the central
frequency ω0. The instantaneos frequency can be estimated by simply calculating the time
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derivative of the phase:
ω(t) = ∂ϕ

∂t
= ω0 + 2κ(t − z

νg

). (2.36)

The Equation above shows that the frequency varies linearly across the pulse and with the
propagation in the fiber the pulse acquires linear frequency chirp. The chirp depends on
the sign of β2. In the normal dispersion regime (when β2 > 0, so κ>0), the instantaneous
frequency increases with time which corresponds to linear positive chirp. In case of
anomalous dispersion (κ < 0), the situation is opposite.

In Eq. 2.35 the parameter t0 corresponds to half-width at 1/e intensity point which is
related to the FWHM as:

tFWHM = 2(ln 2)1/2 t0 ≈ 1.665t0. (2.37)

Equation 2.35 indicates that half-width of the pulse tp(z) is proportional to the propagation
distance z, and its increase is determined by the GVD parameter, β2. Here another
parameter can be defined: a dispersion length, LD, which corresponds to the distance over
which a Gaussian pulse is broadened to

√
2 times the initial pulse width t0.

LD = t2
0

|β2|
. (2.38)

The impact of the GVD on a laser pulse propagating inside the optical fiber is illustrated
in simulation in Figure 2.4. To perform the numerical simulations, a split-step Fourier
method was used, which is going to be more deeply described in Section 2.5. Let’s consider
a sech-shaped pulse of a duration of 5 ps propagating in a 25 km-length SMF fiber. To
investigate the GVD impact on the pulse we neglect any nonlinearities and fiber loss.
The initial peak power is 20 mW and the value of β2 amounts to -20 ps2/km. Figure 2.4
presents the evolution of the pulse temporal shape (a) and frequency spectrum (b). It is
observed that the GVD leads to pulse broadening without affecting pulse spectrum.

Figure 2.4: A pulse propagation in the optical fibers when neglecting the
nonlinearities; (a) temporal pulse shape evolution, (b) pulse spectrum evolu-
tion.
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2.3.2 Pulse propagation in the presence of nonlinearities only
In the situation where only fiber nonlinearities (represented by the nonlinear coefficient

γ) are considered and other effects neglected, the pulse propagation can be described with
a formula:

i
∂A

∂z
+ γ|A|2A = 0. (2.39)

By multiplying the above equation by A∗ and its complex conjugate by factor A and
eventually subtracting both equations, one can obtain [20]:

∂|A|2

∂z
= 0. (2.40)

The general solution to the Eq. 2.40 is:

|A|2 = f(τ) = f(t − z/νg). (2.41)

These results demonstrate that if we neglect the linear effects and consider only fiber
nonlinearity, the absolute square of the pulse envelope maintains its shape with propagation.
Taking this into account, one can write Eq. 2.40 in the form:

A(z,t) = A0(τ)eiϕ(z,t), (2.42)

where A0(τ) and ϕ(z,t) are both real functions. From Equations 2.39 and 2.42, one can
obtain:

ϕ(z,τ) = γ|A0(τ)|2z, (2.43)

which shows that the fiber nonlinearity provides phase modulation, which is proportional
to the intensity of the pulse and propagation distance. This phenomenon is known as
self-phase modulation and will be described in Section 2.4.

Figure 2.5 presents the simulation of the pulse propagation inside an optical fiber when
only nonlinearities affect the pulse (we neglect the dispersion). The variation in the pulse
spectrum is clearly visible in Figure 2.5 b), whereas Figure 2.5 a) shows no change in the
pulse’s temporal shape. It can be easily noticed that the modulation of the spectrum
induced by nonlinearities increases with the propagation length. As a consequence, new
frequency components are generated along the propagation distance. The nonlinear effects,
that can occur in an optical fiber, consist of a wide variety of phenomena, such as SPM
(which is probably the most important one), modulation instability, cross-phase modulation,
four-wave mixing, stimulated Raman scattering or stimulated Brillouin scattering. Some
of them are going to be described in details in the next Section. A consideration of both,
dispersion and nonlinearities, affecting the propagating pulse in a fiber is given in Section
2.4.2.
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Figure 2.5: A pulse propagation in the optical fibers when neglecting the fiber
dispersion; (a) temporal pulse shape evolution, (b) pulse spectrum evolution.

2.4 Fundamentals of nonlinear phenomena
A response to any electromagnetic field can become nonlinear for sufficiently high

power levels of the signal. On the fundamental level, the nonlinear response originates
from the anharmonic motions of bound electrons when the electric field is applied. As a
consequence, the relation between the total polarization P and the electric field E becomes
more complex as described with the formula [15, 28]:

P = ϵ0(χ(1) · E + χ(2) · EE + χ(3) · EEE), (2.44)

where ϵ0 describes vacuum permittivity and χ(n) corresponds to n-th order susceptibility.
Generally, χ(n) is a tensor with a rank of n+1. The term χ(1) represents the linear
susceptibility and also determines the significant contribution to the polarization P. The
effects of χ(1) manifest through the attenuation coefficient α and refractive index n. The
second-order susceptibility χ(2) accounts for nonlinear effects such as second-harmonic
generation and sum-frequency generation [29]. It is also non-zero only for media that
lack molecular symmetry. As the silica (SiO2) is a symmetric molecule, optical fibers
do not usually exhibit nonlinear effects related to second-order susceptibility. However,
the second-order nonlinear effects can arise in the optical fiber under certain conditions
induced by such events like electric quadrupole or magnetic dipole moments. They can
also be generated by defects and colour centres in the fiber core.

Therefore, the nonlinear effects that generally are generated in optical fibers are usually
related to third-order susceptibility χ(3). These include nonlinear refraction, third-harmonic
generation and four-wave mixing [29]. However, the third-harmonic generation and four-
wave mixing require phase-matching, otherwise, they usually feature very low efficiency.
Therefore, the majority of nonlinear effects originate from the nonlinear refractive index.
The refractive index n can be described in the simplest form by a formula [6]:

n(ω,I) = n(ω) + n2I = n + n2|E|2, (2.45)
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where n(ω) is a linear term, I describes an optical intensity that is directly associated
with the electromagnetic field E, and n2 refers to a nonlinear refractive index. The typical
values of n2 for silica fibers fall between 2.2 − 3.4 × 10−20 m2/W [6]. This magnitude can
change depending on the core doping or preserving linear polarization [30]. Comparing to
other optical media, the values of te refractive index for silica fibers are much smaller (by
two orders of magnitude or more). Despite such low values of n, relatively low power levels
are sufficient to observe the nonlinear effects in the optical fibers. It is because optical
fibers are characterized by small spot size (mode field diameter less than 10 µm) and low
loss transmission (<1 dB/km).

2.4.1 Self-phase modulation
Equation 2.45 informs that the refractive index increases with the increase of the light

intensity. Although the variation in te n value is extremely small, when a pulse propagates
in the fiber over a long distance (even up to hundreds of kilometers), the effects resulting
from this behaviour can be significant. Considering that the phase of the light beam
depends on n and the light beam itself provides changes to n and therefore changes its
own phase. This phenomenon is described as self-phase modulation because the phase
change is self-induced.

SPM-induced Phase Shift
In order to mathematically describe the SPM effect in optical fibers, the numerical

solution of the equation for pulse propagation from the previous Section is required. By
assuming the pulse propagation length (fiber length) is much lower than the dispersion
length LD, one can neglect the dispersive term in Eq. 2.27 (β2 = 0) and obtain the reduced
form of the NLSE:

∂A

∂z
= iγPA, (2.46)

where P = |A|2 and represents the pulse power. If we neglect the fiber loss, then P
corresponds to the pulse input power. The general solution for Eq. 2.46 at the fiber length
L is:

A(L,τ) = A(0,τ)exp[iϕNL(L,τ)], (2.47)

where A(0,τ) describes the input pulse envelope and ϕNL refers to the nonlinearity-induced
phase variation, which can be described as:

ϕNL(L,τ) = γP (τ)L (2.48)

Equation 2.47 shows that the SPM increases the intensity-dependent phase shift, but, at
the same time, it does not affect the shape of the pulse.

By using Eq. 2.47, one can find the formula for the electric field propagated in the
fiber:

E(L,t) = 1
2[Ê(0,τ)exp{i[(β0 + γP )L − ω0t]} + c.c.], (2.49)
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where ω0 corresponds to the central frequency of the pulse. Equation 2.49 describes the
wave which phase is:

ϕ = (β0 + γP )L − ω0t. (2.50)

The above equation shows that variation in the phase that is induced by the fiber
nonlinearities depends on the power of the wave. If the incident pulse possesses power
temporal profile P (t), the variation in power leads to the modulation in the pulse’s phase.
Spectral changes that are caused by the SPM directly result from the time dependence of
ϕNL. The instantaneous frequency of the pulse described by Eq. 2.49 is, as previously, a
derivative of the pulse’s phase:

ω(t) = −∂ϕNL

∂t
= ω0 − γL

∂P

∂t
(2.51)

According to Eq. 2.51, the instantaneous frequency first decreases with the increasing
power of the pulse. Next, for the pulse maximum, ω(t) reaches the central frequency, and
eventually increases for decreasing values of pulse power. This time dependence of the
frequency difference ∆ωSPM = ω(t) − ω0 is called frequency chirping.

Figure 2.6 presents an electric field variation of an optical pulse. The oscillations that
are observed in the pulse result from the high frequency of the signal. It can also be noticed
that the envelope of the pulse (which is defined as the pulse shape) possesses much lower
variation in time. The intensity of the leading and trailing edge of the pulse is significantly

Figure 2.6: Pulse electric field.

smaller that the intensity at the centre of the pulse. Therefore, since the refractive index
is intensity dependent, the centre of the pulse would exhibit a stronger variation of the
refractive index than its trailing and leading edge. The response time of the medium to
intensity changes is very short, almost instantaneous, therefore, the response time of the
refractive index to the change in the intensity change is also extremely short. Taking
into account that the speed of propagation in the optical fiber depends on the refractive
index of the fiber, the centre of the pulse would experience slowing down when compared
to pulse ends. As a consequence, the front end of the pulse exhibits a lower frequency,
whereas the back end features a higher frequency. Such a pulse is called a chirped pulse.

The SPM effect on a pulse is demonstrated graphically in Figure 2.7. Figure 2.7 a)
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presents the electric field of the optical pulse without the change in phase. Figures 2.7 b)
and c) demonstrate the optical pulse after propagation through the nonlinear medium. It
is observed that the optical pulse acquires nonlinear phase shift ϕmax which magnitude is
determined by the nonlinearity of the medium and the pump power [6]. It is easily noticed
that the greater value of ϕmax, the stronger frequency change between the pulse trailing
and leading edge is observed.

Figure 2.7: Pulse electric field: without phase change (a); with the phase
change ϕmax = 7π/2 (b); with the phase change ϕmax = 10π (c).

2.4.2 Soliton solution
In this Section, pulse propagation is considered for both dispersion and nonlinearities

affecting the pulse. For this purpose, let us provide the normalized version of the NLS
Equation (Eq. 2.27). For short segments of fiber, one can assume the neglection of the
fiber losses (α =0) and provide a few new parameters:

U = A√
P0

, ξ = z

LD

, τ = t

t0
, (2.52)

where t0 describes the initial pulse width, P0 refers to pulse peak power, and LD defines the
dispersion length, which was already provided as: LD = t2

0/|β2|. Now the NLS Equation
takes the form:

i
∂U

∂ξ
− δ2

2
∂2U

∂τ 2 + N2|U |2U = 0, (2.53)

where δ2 = sgn(β2) = ±1 and the parameter N is expressed as:

N2 = LD

LNL

= γP0T
2
0

|β2|
. (2.54)

Parameters LD and LNL define dispersion and nonlinear lengths, respectively. The
nonlinear length, LNL is the length of propagation required to provide a nonlinear phase
change rotation equivalent to one radian at a power P0. LNL is expressed as:

LNL = 1
γP0

(2.55)
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These two length scales: LD and LNL, are characteristic distances over which the dispersive
or nonlinear effects determine pulse evolution.

The analytical description and simulations of the pulse behaviour presented in previous
sections concentrated on either the dispersion or the SPM effects separately. However, it
is necessary to take into consideration both effects at the same time. First of all, both
the spectrum and the pulse shape can change as the pulse propagates inside the fiber.
The situation is different depending on the dispersion regime. When the fiber dispersion
is normal (β2 > 0), the pulse gets broadened with propagation. However, in the case of
anomalous dispersion (β2 < 0), under certain conditions of the pulse peak power and
shape, the nonlinear effects are able to compensate for the dispersive effects, and the pulse
propagates without change in shape and spectrum. Such a pulse is called a soliton. The
term soliton refers to a wave packet that does not change its shape along the propagation.

To analyze the soliton formation, the parameter δ2 should be set: δ2 = −1 (β2 < 0) in
Eq. 2.53 to provide an anomalous dispersion regime. The NLS equation can be solved
with the inverse scattering method and for N = 1, the solution of the NLS takes the form:

U(ξ,τ) = ηsech(ητ)exp(iη2ξ/2), (2.56)

where η corresponds to the arbitrary parameter, which describes both the soliton amplitude
and its width. The above solution is a representation of a fundamental soliton. As the
pulse width changes with η in a manner t0/η, it is inversely proportional to the pulse
amplitude. This relation between the pulse width and amplitude is a characteristic feature
of fundamental solitons.

One can obtain the canonical form of the fundamental soliton by setting η = 1 so that
the input field is:

U(0,τ) = sech(τ). (2.57)

Now, the pulse evolution can be described as:

U(ξ,τ) = sech(τ)exp(iξ/2), (2.58)

indicating that only the pulse phase is changed along the propagation, therefore, both the
pulse spectrum and the temporal shape should remain the same. The peak power that is
required for fundamental soliton (for which the soliton order, N, is set to 1) is determined
by the formula:

P0 = |β2|
γT0

. (2.59)

Taking this into consideration, let us assume a fundamental soliton propagating in a 1 km
fiber length. When considering typical values at 1.55 µm, β2 = −20 ps2/km and γ = 1.3
W−1/km, the required peak power is ≈ 15 W for 1 ps pulse. The propagation of such a
pulse is presented in Figure 2.8. One can quickly notice that neither the pulse shape nor
the frequency spectrum gets changed along the propagation. The nonlinear phase shift
provided by the SPM is cancelled by the linear phase shift caused by the GVD, which
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results in an unperturbed propagation along the fiber.

Figure 2.8: A soliton propagation in an optical fiber; (a) temporal pulse
shape evolution, (b) pulse spectrum evolution.

Since the discovery, optical solitons have significantly impact optics. Solitons are
widely used in optical fiber communication systems as they allow for the high information
capacity of the system [31, 32]. They can also be utilized in mode-locked fiber lasers.
The remarkable advantage of the soliton is its stability which is a consequence of the fact
that the solutions to the nonlinear wave equations are, in general, very stable. Solitons
travelling inside the optical fiber are prone to small perturbances that may affect it along
the propagation. If the initial pulse shape or its power is not ideally matched (as in
Equation 2.59) and the input pulse is not initially a fundamental soliton, it still can form
into a soliton as long as the value of N is close to 1 and the pulse is bell-shaped. As
a consequence, the pulse evolves gradually and adjusts the shape to the sech-shape of
the soliton [6]. Specifically, the soliton forms when the N value is between 0.5 and 1.5
[16]. An interesting feature is that solitons can form even when the Kerr nonlinearity and
dispersion appear in discrete forms in the fiber, and the energy inside the fiber varies as a
result of pulse amplification and loss of other fiber components [33].

Dissipative solitons
A situation where the soliton is formed without the exchange of energy with the fiber

is related to the so-called conservative solitons. However, localized solutions can occur
even when dissipative effects arise. In fact, in the 1990s, scientist discovered that solitary
waves could be formed in a wide variety of non-conservative systems [34]. These solutions,
possible to be generated in nonlinear optical systems with different mechanisms based on
nonlinear gain or loss, were later called dissipative solitons. In such systems, the balance
between dispersive and nonlinear phenomena is being replaced by the balance of the effects
including dispersion or diffraction, gain, loss and nonlinearity [35]. As a consequence,
solitary waves can be found in systems with normal dispersion regime (so-called bright
dissipative solitons) [36] or as multisoliton complexes known as soliton molecules [37].
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Higher-order solitons
When the initial pulse energy is n (n ≥ 2) times the energy of a fundamental soliton, the

pulse is formed into a higher-order soliton. A higher-order soliton occurs for N > 1.5 and
propagates by periodically changing its shape and spectrum. The example of propagation
for second- and third-order soliton along two periods is presented in Figure 2.9. For N =
2, the soliton initially contracts, then it splits into two separate pulses, and eventually,
it merges back and regains its original shape after one soliton period ξ = π/2. The
pattern is repeated in the fiber over each segment of a length (π/2)/LD. For N = 3, the
soliton evolution is more complex and, in this example, the soliton undergoes splitting in
a non-symmetrical pattern. Also, the pulse spectrum evolves into a multipeak structure
at some distances. Higher-order solitons of a large number of N can be used to generate
supercontinuum as a result of soliton fission in anomalous-dispersion fiber.

Figure 2.9: Spectral and temporal evolution of second- and third-order
soliton. The colour scale describes the spectral density with a 40 dB dynamic
range (as presented on the colour bar). Unless stated otherwise, the 40 dB
scale applies to all colour scale density plots presented in this Chapter.

2.4.3 Modulation Instability
Nonlinear systems often feature instabilities that result from the interactions between

dispersion and fiber nonlinearities. Such instabilities manifest in various spectrum modu-
lations growth of the sideband components. This phenomenon is known as modulation
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instability [38] and has been investigated since the 1960s in various fields, including
nonlinear optics, plasma physics and fluid dynamics.

To mathematically describe this phenomenon, one can consider a one-dimensional light
propagation in an optical fiber which was already given by NLS Equation 2.27. When
neglecting losses, we can obtain [6, 39]:

i
∂A

∂z
= β2

2
∂2A

∂t2 − γ|A|2A, (2.60)

as discussed in Section 2.3, A(z,t) refers to the amplitude of the field envelope, β2 represents
the GVD parameter, and lastly, γ is a nonlinear coefficient responsible for the SPM. Based
on this equation, it can be shown relatively simply, that a small perturbation (sinusoidal
amplitude modulation) with frequency ω added to the steady state solution is amplified
as long as β2 < 0 (anomalous dispersion regime) and the perturbation frequency:

ω < ωc ≡
[

4γP

|β2|

]1/2

. (2.61)

In these conditions, the solution is unstable and the perturbations rise exponentially with
z. This phenomenon is referred to as modulation instability.

The gain coefficient of modulation instability can be described as:

g(ω) = |β2ω|[ω2
c − ω2]1/2. (2.62)

Figure 2.10 demonstrates gain spectra for three different optical power levels (P = 1, 3,
and 5 kW) for an optical fiber characterized with β2 = 5 ps/km and γ = 1.3 W−1km−1. As
can be seen from Figure 2.10, the gain of modulation instability depends on the incident
optical power. What is more, the gain spectrum is clearly symmetrical with respect to
ω = 0, so that g(ω) vanishes for ω = 0. The gain reaches a maximum for two frequencies
ωmax described as:

ωmax = ± ωc√
2

= ±
(

2γP

|β2

)1/2

, (2.63)

with peak value
gmax = g(ωmax) = 1

2 |β2|ω2
c = 2γP (2.64)

In optical fibers characterized by anomalous dispersion, modulation instability can
lead to spontaneous temporal modulation of the light and transforming it into a train of
pulses. This phenomenon can also be seeded by the noise added by optical amplifiers. The
amplification of this noise can significantly degrade the low-noise properties of the laser
system.
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Figure 2.10: Gain spectra of modulation instability for different power levels.

2.4.4 Cross-Phase Modulation (XPM)
When different wavelengths propagate in an optical fiber, they can interact with each

other. This feature results from the fact that the refractive index affecting these waves in
the fiber depends not only on the intensity of that particular optical beam but also on the
intensities of other copropagating waves. As a consequence, an optical beam propagating
at one wavelength has an impact on the other optical beam propagating at a different
operating wavelength. This phenomenon is known as cross-phase modulation (XPM) and
can limit the performance of e.g. WDM (wavelength division multiplexer) systems.

Let us assume two optical fields, E1 and E2, of frequencies ω1 and ω2, polarized along
the x-axis, propagating simultaneously inside a fiber. The total electric field E will be
described as [6]:

E = 1
2 x̂[E1exp(−iω1t) + E2exp(−iω2t + c.c.)], (2.65)

where the abbreviation c.c. means complex conjugate. The nonlinear phase shift ϕNL at
the frequency ω1 for the field is given by:

ϕNL = n̄2k0L(|E1|2 + 2|E2|2), (2.66)

where the terms governing polarization at frequencies other than ω1 and ω2 are neglected.
Both terms on the right-hand side of Eq. 2.66 result from the contribution of SPM and
XPM, respectively. It can be noticed that, for optical field intensities at the same level, the
impact of the XPM is twice as the SPM. In optical fibers, the XPM, in combination with
SPM and GVD, can lead to asymmetrical spectral broadening or temporal modifications
of the propagating pulse. The XPM-induced nonlinear coupling between two propagating
beams can result in modulation instability, even in a normal dispersion regime. In WDM
systems, XPM sometimes also leads to interchannel crosstalk. There are also techniques
that benefit from the fact that XPM allows for interaction between laser beams which is

30



2.4. Fundamentals of nonlinear phenomena

used, e.g., as quantum nondemolition (QND) measurements.

2.4.5 Stimulated Raman Scattering
Another important nonlinear process that has a strong impact on the ultrashort pulse

is SRS. In general, the Raman scattering or the Raman effect describes the light-matter
interaction (inelastic scattering), which involves energy exchange and change in the light
direction. The Raman effect itself was discovered by a scientist named C. V. Raman in
1928, who got Nobel Prize in Physics for his research on Raman scattering [40]. Later, in
the 1960s, the effect has been intensely studied in optical fibers.

The SRS occurs when the intensity of the light in the medium reaches a certain level
(threshold). Then, the incident light (pump) induces molecular vibrations. The vibrations
modulate the pump beam and generate frequency radiation which is called a Stokes wave
[15]. It was studied that for high pump intensities, the nonlinear phenomenon of the SRS
leads to the situation where the majority of power is transferred to the Stokes wave [41].

In both spontaneous and stimulated Raman effects, inelastic scattering of the pump
beam is identified as either lower energy (red-shifted) or higher energy (blue-shifted)
radiation. The energy processes that appear in spontaneous Raman scattering, SRS and
coherent anti-Stokes Raman scattering (CARS) are compared in Figure 2.11.

Figure 2.11: Schematic energy diagram for spontaneous Raman scattering
(a), stimulated Raman scattering (SRS) (b) and coherent anti-Stokes Raman
scattering (CARS) (c).

During spontaneous Raman processes, the pump beam (ωp) generates the red-shifted
radiation (ωs) (Figure 2.11 a)). In SRS, two incident beams: pump (ωp) and Stokes
(ωs), are used. When the difference between their frequencies (ωp − ωs) matches the
molecular vibration frequency (Ω), the stimulated emission occurs (Figure 2.11 b)). The
CARS process (presented in Figure 2.11 c)) is a more complex phenomenon that involves
four-wave mixing [42] and is widely used as a biomedical imaging technique for cell and
tissue imaging, and in material science [43–45].

The growth of the Stokes radiation wave is described by a formula:

dIs

dz
= gRIpIs, (2.67)
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where Is corresponds to the Stokes intensity, Ip represents pump intensity, and gR is a
Raman gain coefficient. The Raman gain coefficient, gR(Ω), where Ω refers to the frequency
difference between the pump and Stokes waves Ω, is the most critical parameter when
analyzing the SRS effect. The Raman gain coefficient, which is presented as a function of
frequency in Figure 2.12 (a), was measured for fused silica [46]. In general, gR depends on
fiber composition, the type of dopants used in the fiber, and the polarization in the fiber.
The Raman response function, which is used in GNLSE, was calculated by Stolen and
Gordon [7] and is presented in Figure 2.12 (b). In Figure 2.12 (a) the Raman coefficient
is depicted for pumping wavelength λp = 1 µm. For other wavelengths, the Raman gain
should be scaled inversely. By looking at Figure 2.12 (a), it can be noticed that the Raman
gain can extend over a wide range of frequencies, up to 40 THz, with a peak around the
frequency of 13 THz. These characteristics directly result from the amorphous nature of
the silica, due to molecular vibrational frequencies overlapping and creating a continuum
[47]. Therefore, contrary to many other molecular media where Raman gain appears only
for discrete frequencies, in case of silica fibers, the Raman gain covers broad continuous
range of frequencies making optical fibers broadband amplifiers.

Figure 2.12: Raman gain for fused silica and Raman response function,
adapted from [16].

To analyze the SRS effect, let us consider a CW pump that propagates inside an
optical fiber. As long as the frequency difference Ω = ωp − ωs lies within the Raman-gain
spectrum bandwidth, the pump beam will be amplified inside the fiber. The SRS generates
photons over the entire bandwidth, therefore, all the frequency components will undergo
amplification. However, the frequency component that corresponds to the maximum gR

32



2.4. Fundamentals of nonlinear phenomena

would be generated more rapidly. In case of silica fibers, the maximum Raman coefficient
corresponds to the frequency difference Ω = 13.2 THz, which means that it would amplify
the frequency components which are downshifted by 13.2 THz from the pump frequency.
For the 1.55 µm pump beam, the corresponding wavelength shift is ≈100 nm. The
frequency shift is known as the Raman shift.

Soliton Self-Frequency Shift
An interesting consequence of the SRS in optical fibers is intrapulse Raman scattering.

Among the higher-order nonlinear phenomena that can affect an ultrashort pulse in an
optical fiber, it is by far the most important. It was first observed in 1985 by Dianov et
al., who reported Raman pumping of Stokes frequency into a quartz SMF [48]. In 1986
Mitschke and Mollenauer demonstrated a continuous redshift of the centre frequency of a
soliton pulse in standard polarization-maintaining (PM) single-mode fiber and named the
effect as Soliton Self-Frequency Shift (SSFS) [49]. The phenomenon of SSFS is described
as follows. Let us consider a subpicosecond pulse propagating in the optical fiber. In the
frequency domain, the pulse possesses a broad spectrum, sufficiently broad to experience
Raman gain. The consequence of stimulated Raman scattering is that one part of the
spectrum serves as a pump for the other part of the pulse spectrum. Namely, the red
portion of the spectrum exhibits gain at the expense of the blue portion of the spectrum.
As a result, the pulse shifts towards longer wavelengths. The example of the SSFS effect
simulated in a 100 m of PM-SMF is presented in Figure 2.13. In the simulation model, a
single-mode fiber was pumped with a femtosecond pumping source at 1.55 µm operating
wavelength. The duration of the input pulses was 50 fs, and the pulse’s peak power was
18 kW. As it is presented in Figure 2.13 (b), when the peak power of the pulse is high
enough, the pulse splits from the pump and, as the propagation increases, shifts further to
the long-wavelength side. After 100 m of propagation, the pulse (now the optical soliton)
reaches 2 µm wavelength (Figure 2.13 (a)). It is noticeable that the pulse shape is smooth
and the soliton propagates without any disturbances.

Since its discovery, the SSFS effect has been reported in various optical fibers including
standard single-mode fibers [50, 51], Thulium- or Holmium-doped gain fibers [52, 53],
microstructured air-silica fibers (including Photonic Crystal Fiber (PCF)) [54–59], photonic
bandgap fibers [60], and higher-order mode fibers [61, 62]. Due to their outstanding
properties (smooth shape, undisturbed propagation at relatively low power levels, tuning
possibility), solitons are highly desired in scientific and industrial applications. They can
be used as seedings for Tm-doped fiber amplifiers [63] or in a frequency-comb generation
[64]. As the soliton shift is a function of wavelength, this effect can be used to reach
bandwidths outside the available gain media (such as Ytterbium, Erbium, Thulium and
Holmium), e.g. the 1.3 µm bandwidth, which is of great interest of optical coherence
tomography [65, 66] or 1.7 µm bandwidth which can be utilized for biomedical imaging
[67–69].
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Figure 2.13: Simulated effect of SSFS in PM-SMF: soliton shifted from 1.55
µm to 2 µm (a); propagation of the spectrally shifted soliton in 100 m of
PM-SMF. The simulations were performed for the 50 fs duration of the input
pulse and the 18 kW of the peak power.

2.4.6 Four-Wave Mixing (FWM)
Four-Wave Mixing is another nonlinear process that arises from third-order optical

nonlinearity described by χ(3) coefficient. In this process, four waves or photons interact
together due to material nonlinearity. As a consequence, when a number of frequencies
ω1, ..., ωn are transmitted simultaneously through a nonlinear medium (such as optical
fiber), a refractive index of this material can cause not only a phase shift (as discussed
earlier), but it also leads to generating new frequencies such as 2ωj − ωj or ωi + ωj − ωk

[20]. Figure 2.14 presents the example of FWM for two incident optical waves generating
other two frequencies. For three incident waves, the number of generated new frequencies
by FWM is nine. And for a WDM system consisting of ten channels, hundreds of new
waves can arise this way. In general, for M possible channels in the WDM system, there
exist N possible mixing products, which is given by [70]:

N = 1
2M2(M − 1) (2.68)

The efficiency of the FWM process depends mainly on phase-matching conditions (the
interaction between frequencies depends on their relative phases), but other factors are also
important, including: channel spacing, fiber length and chromatic dispersion. The phase
matching is satisfied when the spacing between the frequencies involved in the process
is very low or for a suitable dispersion profile of the fiber. In fact, the efficiency of the
FWM process is much higher in dispersion-shifted fiber when comparing to standard SMF
due to the lower values of dispersion for DSF. For a strong phase mismatch, the FWM is
effectively suppressed.

The FWM effect is similar to the SRS phenomenon discussed in the previous section
due to the fact that both these processes require phase-matching condition. However, in
case of SRS, the phase matching is basically automatically fulfilled, whereas for FWM,
the phase matching requires specific fiber parameters and a particular choice of input
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Figure 2.14: Schematic illustration of FWM process for two incident frequen-
cies ω1 and ω2 generating other two optical waves: 2ω1 − ω2 and 2ω2 − ω1.

frequencies for high efficiency of the process.

2.5 Numerical methods for simulating pulse propaga-
tion

The GNLS Equation (2.26), which describes, in general, an ultrashort pulse propagation
inside an optical fiber, is a nonlinear differential equation that, due to its complexity, cannot
be solved with a straightforward analytical method. Therefore a numerical approach is
needed. Numerous techniques were introduced for this purpose [71–76]. They usually can
be included into one of the two main groups: finite difference and pseudospectral methods.
One of the methods that is widely utilized for simulating pulse propagation is called the
split-step Fourier method [71, 72]. In this method, Equation (2.26) is written in simplified
as:

∂A

∂z
= (D̂ + N̂)A (2.69)

where A, as previously, describes the slowly-varying envelope of the pulse, and D̂ and N̂

refer to linear and nonlinear coefficients. The linear operator includes fiber attenuation
and dispersion, and the latter governs nonlinear phenomena such as SPM, self-steepening
and Raman scattering. Both these individual terms can be expanded as:

D̂ = −iβ2

2
∂2

∂T 2 + β3

6
∂3

∂T 3 − α

2 , (2.70)

N̂ = iγ

(
|A|2 + i

ω

1
A

∂

∂T
(|A|2A) − TR

∂|A|2

∂T

)
. (2.71)

Equation 2.69 divides the linear and nonlinear effects affecting the pulse. This procedure is
the approximation used by the split-step Fourier method. In this technique, the length of
pulse propagation (fiber length) is split into very short segments in which either dispersion
or nonlinearities are considered and, simultaneously, other effects are neglected. The
method is graphically demonstrated in Figure 2.15. The pulse propagates from one
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segment to another and the FFT algorithm is used to calculate the optical field A(z,T )
over a small distance of h/2 with dispersion only, then the optical field is multiplied by
the nonlinear term (that represents the nonlinear effects over h distance) and finally, the
pulse propagates over the remaining distance h/2.

Figure 2.15: Schematic demonstration of the split-step Fourier method.

Although for large numbers of iterations that are necessary for complex systems, the
split-step Fourier method becomes time-consuming, it is still often used and is a powerful
tool when calculating pulse bahavior in optical fibers. It has been widely utilized for
investigating the nonlinear phenomena affecting ultrashort pulses in the fibers [23, 77–80],
and for such applications, the algorithm can be optimized to perform with fast execution.
Recently, AI-based techniques of pulse propagation simulations have been proposed to
predict pulse behaviour without the information on the NLS Equation [81]. The split-
step Fourier method was used for all simulations that are going to be presented in this
dissertation by the Author.

2.6 Microstructured optical fibers (MOF)

2.6.1 Historical perspective and the idea of the MOF
Although silica as a material features a relatively low nonlinear susceptibility, the silica

fibers emerged as outstanding nonlinear media because of their small effective area and
low losses. However, the efficiency of the nonlinear effects in silica fibers is often limited
by the dispersion. A solution to this was demonstrating a new type of fibers: air-silica
Microstructured Optical Fiber (MOF), also named as PCF. A MOF is, by definition, any
optical fiber in which an air-hole structure is induced in the cladding region and extended
in the whole length of the fiber [82–86]. A concept of such fiber was discovered in Bell
Labs company not much later than the standard silica optical fiber communication [82].
The development of the MOF technology has been driven by its potential application in
optical communication, frequency metrology, fiber-based sensing and optical coherence
tomography. The examples of the cladding structure of a MOF include various shapes
and sizes, some of them gathered in Figure 2.16. The first realization was demonstrated
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by Kaiser et al. in 1974 [82] introducing low-loss fiber entirely from silica. The structure
is presented in Figure 2.16 (a). Later, Russel et al. presented a photonic crystal MOF
with a structure presented in Figure 2.16 (b). Such a fiber possessed periodic air-holes
incorporated in the cladding region. This discovery led to enormous interest in MOF
technology and to the development of photonic bandgap MOF (currently known as hollow-
core fiber), first demonstrated by Cregan et al. [87]. In these fibers (which structure is
presented in Figure 2.16 (c)) light can propagate in an air-core region due to coherent
Bragg scattering of the air-holes cladding structure. [86]. A new class of MOF is defined
by fibers that incorporate very small core and, due to the proper design of the periodic
air-holes in the cladding, are able to provide unique properties of dispersion. An example
of such fiber is presented in Fig 2.16 (d).

Figure 2.16: Examples of historical MOF structures : (a) first air-silica
MOF by Kaiser et al. [82]; (b) photonic crystal MOF demonstrated by Russel
et al. [88]; (c) Photonic bandgap MOF by Cregan et al. [87]; (d) dispersion
compensating MOF by Ranka et al. [89].

2.6.2 Fiber structure
MOFs are sometimes called nonlinear fibers due to their possibility for observing

nonlinear effects. However, they differ significantly from commercially available highly
nonlinear fibers (HNLF). A comparative illustration of the SMF’s, HNLF’s and MOF’s
cross-sections is presented in Figure 2.17. Whereas in conventional fibers (SMF), light
is propagated in the core (as a result of total internal reflection) by simply providing
a difference in refractive indexes in the core and the cladding, the situation in case of
HNLF and MOF is more complex. The HNLFs are designed to possess a high value of
the nonlinear coefficient. It can be done by either using a different type of glass (such as
chalcogenide glass or modified types of silicate glass, e.g. with germania which increases
the nonlinear index), or way more common, to design the fiber for a small value of
effective mode area. Here, one way is to provide a design with an index-depressed cladding
(fluorine-doped), the other is to provide a depressed trench (ring) around the core. In case
of air-silica MOF, the cladding region contains a uniform air-hole structure. The removal
of the air-hole in the centre of the fiber provides a defect which is considered as a local
increase in the refractive index. Therefore light can be guided in this region through the
equivalent of the total internal reflection [88].

Although the light guidance mechanism can seem similar to standard fibers, air-silica
MOFs contain additional degrees of freedom due to the design possibilities. By modifying
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Figure 2.17: The example cross-section of an SMF’s (single-mode fiber),
HNLF’s (highly nonlinear fiber) and MOF’s (microstructured optical fiber)
structure.

the air-hole structure design, one can affect the parameters of the fiber in a way that is
not possible with conventional fibers. In particular, it was reported that a proper design
of a MOF can lead to a ZDW shift towards shorter wavelengths than the standard value
of 1.3 µm for silica fibers [90]. What is more, separately from this research work, it has
been proved that the MOF design can enhance the Kerr nonlinearity due to the reduced
effective area when compared to standard SMFs [91]. These two discoveries make the
MOF technology such an attractive tool for nonlinear optics.

Figure 2.18 presents the schematic representation of an example MOF structure. As
it is observed, the fiber consists of a periodic array of air-holes that propagate along the
fiber length. The right part of Figure 2.18 shows the detailed view of the cross-section of
the same fiber with two important parameters: Λ (pitch) and d, where Λ describes the
distance between two neighbouring air-holes and d is the air-hole diameter.

Figure 2.18: The cross-section of a MOF structure.

Air-silica MOFs also benefit from other features, such as: the ability to provide for
endlessly single-mode behaviour [88] and the possibility to maintain birefringence [92–94].
These advantages, together with the possibility to modify the dispersion in the fiber and
high nonlinearity, made the air-silica microstructured fibers a platform for a variety of
applications including studies on new nonlinear effects [95], optical fiber sensing [96, 97],
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high-power laser systems [98], and optical telecommunication [99, 100].

2.6.3 SSFS effect in air-silica MOF
One of the nonlinear effects widely studied in air-silica microstructured fibers is SSFS.

This effect has already been described in the previous section. When considering simulations
of the nonlinear phenomena in the microstructured fiber, in which the effective mode
area Aeff is much smaller than for the standard fibers, higher-order dispersion needs to be
considered. The time window needs to be adjusted for the pulse duration. Let us consider
the GNLSE calculations of the SSFS phenomenon in a 1 m of a microstructured silica
fiber when pumping the with ultrashort pulses at 1550 nm wavelength. The dispersion
profile of the fiber is presented in Figure 2.19. The ZDW of this MOF is ≈ 1240 nm, and
the GVD at 1550 nm is -33 ps2/km. The negative sign of the GVD parameter indicates
that the dispersion is anomalous for the 1550 nm pumping.

Figure 2.19: Dispersion profile of an SSFS fiber.

The exact values of the fiber dispersion coefficients β up to 7th order are presented
in Table 2.1. These coefficients are usually given truncated at β10 in the literature [101].
However, since the impact of higher-order betas decreases with the increase of the dispersion
order, the Author decided to include only the first seven terms. The fiber’s Aeff amounts
to 10.8 µm2 and the nonlinear parameter γ = 9.8 W−1km−1.

The initial pulse used for launching the fiber possesses a hyperbolic secant field profile
that can be described as: A(0,T ) =

√
P0sech(T/T0), where the peak power P0 is 10 kW

and T0 is 50 fs. The value of T0 corresponds to the intensity FWHM with a formula:
∆τ = 2 ln(1 +

√
2)T0 = 88 fs [101]. The laser pulse used for the simulation is centred at

1550 nm.
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Table 2.1: Taylor series dispersion coefficients.

β2 = −33.074 ps2/km
β3 = 12.452 × 10−2 ps3/km
β4 = −1.675 × 10−5 ps4/km
β5 = −11.584 × 10−7 ps5/km
β6 = −61.709 × 10−10 ps6/km
β7 = 11.264 × 10−13 ps7/km

Figure 2.20 presents the evolution of the pulse spectrum and the pulse temporal
shape for different propagation distances in the MOF. The maximum shift reached by the
soliton is 2000 nm. Figures (a) and (b) present the optical spectra and temporal pulse
shapes for six different distances of propagation. These Figures directly correspond to the
spectrograms in Figures 2.20 (c) and (d), which demonstrate the pulse evolution in both
wavelength and temporal domains. The spectral evolution shows that in the first 10 cm of
the fiber, the pulse spectrum exhibits broadening, followed by spectral separation of two
main fields: the pump and the long-wavelength component. Further propagation involves
continuous redshift of the optical soliton. Figures 2.20 (b) and (d) indicate that in the
temporal domain the pulse is also separated into two distinct peaks. It is observable that
the intensity of the spectrally-shifted soliton is at a similar level compared to the 1.55 µm
pump, which is a major advantage of this phenomenon and makes it so widely applicable.

It can be easily noticed that, comparing to the results from Section 2.4.5, when the
Author discussed simulations for the soliton propagating in the SMF, both values of the
peak power and the propagation distance were significantly higher. In fact, the same
results were obtained for 100 m of the SMF, where we need only 1 m of the microstructured
fiber. It is due to the significantly higher value of the nonlinear coefficient for the MOF.

The corresponding N value for the parameters used in the simulations presented above
is 2.7. As discussed in Section 2.4.2, the soliton order depends on the peak power of
the pulse launched into the fiber. By increasing the incident power, the soliton order of
the propagating pulse also increases. For sufficiently large values of N, the pulse can be
perturbed and, as a result, generates numerous sub-pulses of lower amplitude. This process
is known as soliton fission and is the dominant effect responsible for supercontinuum
generation.
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Figure 2.20: Results of the numerical simulations of the SSFS effect in a
1 m of MOF pumped with 50 fs pulse of 10 kW peak power: spectral (a)
and temporal (b) evolution of the pulse for selected propagation distances;
spectrograms of the spectral (c) and temporal (d) evolutions in the entire
propagation distance.

2.6.4 Supercontinuum generation
When ultrashort pulses with sufficiently high power are provided to a highly nonlinear

fiber, their spectra can exhibit intense broadening resulting in an output spectrum of
bandwidth exceeding 100 THz [16]. The resulting broadened spectra are called supercon-
tinuum. The phenomenon of supercontinuum has already been studied in the 1970s [102,
103]. However, the interest in this phenomenon rapidly increased after 2000 when Ranka
et al. generated SC in anomalous-dispersion air-silica microstructured fiber [95]. The
design possibilities of the MOF technology allowed for the generation of supercontinuum
with much broader bandwidths than it was ever possible with bulk media. Nowadays,
supercontinuum finds applications in spectroscopy, tunable ultrafast laser sources, pulse
compression, optical coherence tomography, and optical frequency metrology. We can
distinguish two regimes in which supercontinuum can be generated depending on the sign
of dispersion in the fiber. The origins of these two phenomena differ fundamentally.
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2.6.5 Supercontinuum in the anomalous dispersion regime
The first results of supercontinuum generated in air-silica microstructured fiber by

Ranka et al. were obtained in an anomalous dispersion regime. As it is the same dispersion
regime where the solitons are generated, the origins of the SC generation are dominated
by the solitons dynamics. In fact, the SC arises as a result of soliton fission. Namely,
when initial pulses possess enough power that N is a large value (> 10), their spectra
exhibit broadening and the resulting spectrum can extend over an extremely wide range.
To better understand these dynamics, let us perform simulations with the use of fiber from
the previous example of SSFS in a MOF.

Soliton fission
Figure 2.21 illustrates the spectral and temporal evolution of four pulses of different

soliton order: 1.5, 2.7, 6 and 14 in a MOF. The fiber parameters used for this simulation
were maintained the same as in the previous Section. 1 m of fiber was pumped with the
same 50 fs pumping laser at 1550 nm. It is observed that for N = 1.5 (Figure 2.21 (a)), the
soliton stretches spectrally but is still attached to the main pump. The pulse also begins
to slightly separate temporally. For N = 2.7 (Figure 2.21 (b)), the evolution is identical to
the example discussed in the previous Section. The pulse is spectrally redshifted with the
propagation, it also separates temporally into more distinct peaks. The spectral evolution
shows that a small part of the spectrum is blueshifted, generating a so-called dispersive
wave. Figure 2.21 (c) shows that with further increase of N value (N = 6), more sub-pulses
appear on both sides of the spectrum. The temporal shape of the pulse consists of several
distinct peaks, above which one possesses high intensity and is the only visible one in the
linear scale graph depicted on the top in Figure 2.21 (c). In Figure 2.21 (d), for large
values of N = 14, the pulse spectrum is very broad as it extends beyond 2600 nm. Also,
the pulse is not uniform spectrally and it consists of several peaks that correspond to the
maxima visible in the spectrogram. The temporal shape of the pulse is broken up into
numerous peaks.

Supercontinuum generated in an anomalous dispersion fiber is usually characterized
with an unsymmetrical spectrum that contains lots of peaks and modulations. The
pulse shape is not maintained as it gets temporally separated into distinct peaks. In
this dispersion regime, when β2 < 0, two dominant mechanisms are responsible for
supercontinuum generation: Raman scattering and higher-order dispersion [101]. These
effects cause perturbation of the pulse evolution and lead to pulse breakup due to soliton
fission. Actually, it has been reported that, the fact that the broadening mechanism relies
on the soliton fission made it sensitive to initial pulse fluctuations and shot noise of the seed
source [101, 104, 105], which significantly limits the possibility to use the supercontinuum-
based sources for applications that require good stability and noise properties. What
is more, the modulation instability, that arise in anomalous dispersion regime, can be
responsible for white-noise fluctuations of both the amplitude and phase of the source [101,
105, 106]. To address this issue, numerous studies were devoted to investigate a different
regime of generating the supercontinuum, which potentially would feature much better
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Figure 2.21: Results of the numerical simulations of the supercontinuum in
a 1 m of MOF pumped with a 50 fs pulse for four different soliton orders: N =
1.5 (a), 2.7 (b), 6 (c), 14 (d): output spectra (top right of each subfigure) and
output temporal shape of the pulse (top left), and spectrograms of the spectral
(bottom right) and temporal (bottom left) evolutions the pulse propagation
inside the MOF.

properties.
The simulations demonstrated in Figure 2.21 show the evolution of the pulse for

increasing soliton order, which directly corresponds to the increase of the incident power.
To properly analyze the supercontinuum effect itself, it is useful to perform simulations in a
shorter segment of the same fiber, where the nonlinear and dispersive effects start to appear.
Figure 2.22 presents the simulation results for 15 cm of a MOF pumped with 50 fs laser
pulses at 1550 nm wavelength. Figures 2.22 (a) and (b) demonstrate the optical spectra
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and temporal pulse shapes for six different propagation distances, respectively. These
Figures correspond to the spectrograms presented below: Figures 2.22 (c) and (d) that
show the spectral and temporal evolution of the pulse, respectively. It can be noticed that
the pulse spectrum broadens rapidly in the first 0.2 cm of the fiber. Within this distance,
the broadening is almost symmetrical. Then, other new spectral components appear,
mostly on the long-wavelength side of the spectrum. As the propagation distance increases
(> 0.5 cm) the spectrum becomes more modulated. When it comes to the temporal pulse
evolution, as it has already been mentioned, the pulse shape is not preserved, as it consists
of several distinct peaks, above which one is of high intensity.

Figure 2.22: Results of the numerical simulations of the supercontinuum in
a 0.15 m of MOF pumped with a 50 fs pulse of 260 kW peak power: spectral
(a) and temporal (b) evolution of the pulse for selected propagation distances
(with zoom to the low intensity peaks); spectrograms of the spectral (c) and
temporal (d) evolutions in the entire propagation distance.

2.6.6 All-Normal Dispersion (ANDi) supercontinuum
Recent research works by Heidt et al. [107, 108] have demonstrated that supercontinuum

can arise in a normal-dispersion MOF with a suitable design. Such fibers are characterized
by low and flat dispersion that is achieved by dispersion-engineered air-hole structure
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[109] and are known as all-normal dispersion (ANDi) fibers. ANDi fibers have emerged as
potentially low-noise waveguides for supercontinuum generation.

To analyze the supercontinuum phenomenon generated in a fiber with a positive
dispersion profile, as previously, one can perform numerical simulations. In this model, a
50 cm-long fiber was pumped with the hyperbolic secant pulses at 1550 nm wavelength,
and their FWHM is 50 fs. Figure 2.23 presents the GVD dispersion profile of the fiber.
The value of β2 is 1.28 ps2/km. The fiber possessed no ZDW in the wavelength range of
1200-1700 nm, thus, the dispersion was normal in the entire operating range.

Figure 2.23: Dispersion profile of an SSFS fiber.

Magnitudes of corresponding dispersion coefficients up to the 7th order are demonstrated
in Table 2.2. The fiber parameters are: Aeff = 13.7µm2 and γ amounts to 7.7 W−1km−1.

Table 2.2: Taylor series dispersion coefficients for normal dispersion fiber.

β2 = 1.28 ps2/km
β3 = 1.13 × 10−2 ps3/km
β4 = 2.62 × 10−4 ps4/km
β5 = −1.62 × 10−7 ps5/km
β6 = −7.13 × 10−9 ps6/km
β7 = 1.91 × 10−10 ps7/km

The spectral and temporal dynamics of the supercontinuum generated in a fiber with
a normal dispersion profile are presented in Figure 2.24. Comparing to the anomalous-
dispersion fiber case, in this situation, the spectra (depicted in Figure 2.24 a)) are much
more flat and smooth. Also, the spectrum is more symmetrical, however, still the majority
is in the long-wavelength part. The temporal dynamics are presented in Figure 2.24 b).
The pulse’s temporal shape gets slightly broadened after 10 cm of the fiber, however, with
preserving the uniform profile. It is also a significant difference from the previous example
of supercontinuum, when the pulse temporally fell apart into several distinct peaks.
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Figure 2.24: Results of the numerical simulations of the supercontinuum
effect in a 50 cm of MOF with an anomalous dispersion profile, pumped with
50 fs pulse of 10 kW peak power: spectral (a) and temporal (b) evolution of
the pulse for selected propagation distances; spectrograms of the spectral (c)
and temporal (d) evolutions in the entire propagation distance.

Supercontinuum in anomalous dispersion fiber vs ANDi fiber
Although both effects discussed earlier have the same definition, they differ significantly

in terms of generation mechanism and resulting properties. The broadening mechanism
for the supercontinuum formed in an optical fiber with negative dispersion is dominated
by the soliton dynamics, in particular a soliton fission which has been described in Section
2.6.4. As a consequence, an ultrabroad supercontinuum features a complex temporal
profile, as well as numerous intensity variations with fine-scale structure [110]. Also, it
has been reported that the generation of highly coherent supercontinuum is nontrivial
when pumping is in an anomalous dispersion regime [111] because of the amplification of
noise by modulation instability [112]. These are main factors that made supercontinuum
generated in anomalous dispersion regime unsuitable for many applications. Especially
the applications implementing supercontinuum spectrum for time-resolved measurements
require coherent flat spectrum as well as conservation of a single ultrashort pulse temporal
profile. Here, these applications can benefit from the properties offered by ANDi-fibers. It
has been proven that spectral broadening generated in normal dispersion fibers can exhibit
much better noise properties when compared to the supercontinuum in an anomalous
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dispersion regime. Specifically, ANDi-SC often features higher coherence [108, 113], lower
amplitude noise level (so-called relative intensity noise) [114] and is less likely to produce
additional white noise from the Er-doped seed sources. This can be a consequence of
different origins for the ANDi-SC generation. In case of ANDi-SC, the processes responsible
for the broadening are SPM which is followed by optical-wave breaking (OWB) [107, 115].
As a result, the normal-dispersion spectral broadening is reported to possess a higher
threshold (up to 50) for noise-driven decoherence when comparing to the same effect
generated in anomalous dispersion fiber [116], also it can minimize the timing jitter
between the spectral components [117], and can lead to generating stable and smooth
spectra which later can be compressed to obtain high-quality pulses [118, 119].

The previous Sections proved the better performance of ANDi-SC over supercontinuum
in anomalous dispersion. However, the question that has been risen, is, whether the
SSFS effect, which is also generated in anomalous dispersion regime, is also susceptible to
possible excessive noise amplification resulting from the nonlinear processes as in the case
of supercontinuum. The Author of this dissertation claims otherwise, and provides the
evidence in Chapter 4.

2.7 Pulse characterization methods
In the literature, different techniques are utilized to measure the noise characteristics

of the nonlinear phenomena. Nonlinear effects can be investigated in terms of temporal
lapping of the consecutive pulses, shot-to-shot stability and amplitude and phase noise
relating to the signal itself. Below, some of the methods are being described. The results
of the measurements are provided in the next Section.

2.7.1 Dispersive Fourier Transform (DFT)
One of the main challenging problems when it comes to the field of measurements

and instrumentation is to measure rapid, short-term phenomena in real-time. Not only in
case of the femtosecond laser, but these issues also arise in optical sensing, imaging and
spectroscopy. A standard way to perform sensing measurements is to use a spectrometer.
However, the scan rate of these instruments is very limited and too long for the span of
life of physical processes. Other instruments, such as spectral phase interferometry for
direct electric-field reconstruction (SPIDER), do not perform pulse-resolved measurements
in real time.

Dispersive Fourier transform (DFT) is a very useful measurement technique that
emerged as a way to overcome speed limitations of standard optical instruments and that
allows for continuous single-shot measurement [120]. A schematic illustration for the DFT
measurement is presented in Figure 2.25. When an input pulse is provided to a dispersive
medium, its spectrum is mapped to a temporal shape due to the high GVD of the dispersive
medium. The pulse’s temporal shape is stretched in time, and therefore it is slow enough
for the photodetector. It also enables for measurement of the optical spectrum in the
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time domain directly. The analogue-to-digital converter (ADC) that operates in real-time,
samples the spectrum by sampling the temporal waveform. This way, the sampling rate is
significantly improved when compared to standard spectrometers based on fiber gratings.
The DFT technique has found applicability in many areas, including spectroscopy, fast
continuous imaging, and to build laser scanners used for optical coherence tomography
and high-speed surface vibrometry.

Figure 2.25: The general schematic of the dispersion Fourier transform idea.

In order to measure properties of the pulses generated from the nonlinear fibers with
the DFT technique, the train of optical pulses from the nonlinear fiber is provided to a
temporally-stretching fiber. The illustration of this method is presented in Figure 2.26.
The fiber should possess a large GVD to serve as a dispersive medium. The temporally
dispersed pulses are then recorded by the oscilloscope and optical analyzer to verify whether
the temporal waveform mimics the spectrum.

Figure 2.26: The schematic of the dispersion Fourier transform measurement.

The time-wavelength mapping T (ω) in the far-field approximation is given by [121]:

T (ω) =
∞∑

m=1

βm+1 · z

m! (ω − ω0)m, (2.72)

where βm corresponds to the m-order dispersion of the stretching fiber and z represents the
propagation distance. The data recorded by the oscilloscope is then used in post-processing,
that includes the implementation of a computer algorithm in order to obtain intensity
correlation maps. Such an intensity correlation measurement is used to determine the
energy transfer between different spectral components. This technique has already been
used to investigate intensity fluctuations of various nonlinear effects, e.g. soliton collision
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[122], or intermodal correlation between the modulation instability sidebands [123]. If
we consider time series of intensities I(λ) (ensemble) at a wavelength λ in the measured
signal from the ensemble, the spectral intensity correlation between two wavelengths λ1

and λ2 is given by the formula [124, 125]:

ρ(λ1,λ2) =

∣∣∣∣∣∣ ⟨I(λ1)I(λ2)⟩⟨I(λ1)⟩⟨I(λ2)⟩√
(⟨I2(λ1)⟩ − ⟨(I(λ1))⟩2)(⟨I2(λ2)⟩ − ⟨I(λ2)⟩2)

∣∣∣∣∣∣ , (2.73)

where the angle brackets correspond to the average of the ensemble. The correlation
value varies over the range −1 < ρ < 1 with a colour scale in the graphical illustration
corresponding to the degree of correlation. The example of a correlation map from [124]
is presented in Figure 2.27. Positive correlation occurs for ρ > 0, and is represented by
shades of red in the correlation map figure. In this situation, intensities at two wavelengths
λ1 and λ2 increase or decrease at the same time. The ideal case (when ρ = 1) occurs
for λ1 = λ2. The negative correlation, on the other hand, happens when ρ < 0 and is
represented by the colour blue in the correlation map illustration. In this scenario, when
the intensity at one wavelength, λ1 increases, the other intensity at λ2 decreases and vice
versa. The correlation maps obtained with the use of experimental data are often displayed
together with numerical simulations to identify any unconverted pump radiation.

Figure 2.27: Correlation map adapted from [124]. The colour scale presented
on the right indicates that positive correlation corresponds to yellow colour,
negative refers to blue, and black colour describes a lack of correlation.

The DFT technique is indeed a powerful method to analyze the fluctuations in the
pulse spectrum in real-time and with the use of standard laboratory equipment. However,
the measurement does not provide the information about the pulse phase. What is more,
the spectral resolution of the DFT spectra δ is determined by a few factors, including:
oscilloscope bandwidth (B), dispersion of the stretching fiber (Ds), and the stretching
distance z as follows: δ = (BDsz)−1 [126], and therefore it can be limited. Also, the
dynamic range is usually smaller then the resolution of the optical spectrum analyzer and,
as a consequence, the absolute value of the signal-to-noise ration is limited. Lastly, the
time-wavelength mapping used by the DFT technique provides ambiguity for spectral
components near zero-dispersion wavelength [127]. It means that two wavelengths are
mapped onto the same delay within the range specified by the ambiguity area.
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2.7.2 Pulse-to-pulse coherence
The ability to maintain the coherence by the investigating source, namely to interfere

independently, is critical for applications such as frequency metrology, where it is crucial
to preserve the phase relation between the optical pulses in the pulse train. Degradation
of coherence can lead to amplitude fluctuations and increased timing jitter [128].

The idea of pulse-to-pulse coherence measurement is to split the signal into two
branches, among which one possesses a delay, and then measure the interference between
two consecutive electric fields. This measurement has already been performed in bulk
media (Bellini and Hansch [129]) as well as in an all-fiber setup with a fiber interferometer
(Nicholson and Yan [130]). The latter approach can be very useful and has been applied
for both soliton and supercontinuum investigations. The schematic illustration of the
measurement is demonstrated in Figure 2.28. The effects generated in a nonlinear fiber
as a result of pumping by a fs laser source, are provided to an unbalanced Michelson
interferometer. The length of one arm is fixed, as the fiber connector is ended with a
golden-coated mirror to provide the reflection. The other arm possesses a delay line to
provide delay by exactly half of the repetition rate frep of the pulses train. The second arm
is also ended with a mirror placed on a translation stage for the precise length adjustment.
The consecutive pulses are then overlapped and the resulting interference pattern can be
recorded by the Optical Spectrum Analyzer (OSA) on the output arm of the interferometer.

Figure 2.28: Coherence measurement setup.

To numerically estimate the coherence degree of two independent electric fields we can
implement the fringe visibility function V that is expressed as:

V (λ) = Imax(λ) − Imin(λ)
Imax(λ) + Imin(λ) , (2.74)

where Imax and Imin correspond to maximum and minimum intensities of the signal
measured by the detector. The examples of possible results of coherence measurement
for different scenarios are given in Figure 2.29. For the ideal case, the parameter V =
1, it means that the signal is fully coherent and the output signal resembles Figure 2.29
(a). Usually, there is at least slight coherence degradation and V < 1, then the pulse is
partially coherent (Figure 2.29 (b)). No coherence occurs for V = 0 (Figure 2.29 (c)).

The method has already been used for the coherence measurement of oscillators [131],
optical solitons [64], and supercontinuum [132].
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Figure 2.29: Examples of coherence measurement results: full coherence
occurs for V = 1 (a), for 0 < V < 1 the pulse is partially coherent (b), and
for V = 0 there is a lack of coherence (c).

2.7.3 Frequency Resolved Optical Gating (FROG) measure-
ments

A FROG is a measurement technique used for determining a complete characterization
of a pulse [133, 134], including its optical spectrum, pulse temporal shape, temporal phase
and spectral phase. A reference pulse is not required in this technique, as the measurement
involves the interaction of the pulse and the relative delay of a replica of the pulse. A
nonlinear medium is utilized here to produce the signal when both pulses are matched
temporally (so-called optical gating).

A general setup of the FROG technique is presented in Figure 2.30. Input pulses are
split by the beam splitter into two separate beams that meet at the nonlinear medium
(e.g. nonlinear crystal). The setup resembles the autocorrelator but here the spectrometer
is used instead of a photodetector. In both these techniques a nonlinear effect is used
to generate the signal. The autocorrelator measures the intensity of the pulse field and
assumes the pulse shape, thus does not provide the information about the pulse phase. On

Figure 2.30: The schematic of the FROG measurement.

the other hand, the FROG extends the idea significantly, since it performs the analysis
of the pulse spectrum at each delay, creating, as a result, a spectrogram of the pulse
which is the pulse intensity as a function of the frequency and time delay, displayed with
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a colour scale. Then, an iterative algorithm is used to reconstruct the pulse shape from
the spectrogram (the FROG trace).

FROG became a standard technique for pulse measurements as it provides detailed
information on pulse spectral and temporal characteristics. It can be used to measure
pulses of a duration from nanoseconds to femtoseconds and is suitable for both simple
pulse measurements as well as quite complex pulses.

2.7.4 Relative Intensity Noise (RIN)
Other noise that arises within the nonlinear phenomena, and can limit the measurement

precision in potential applications, origins from power fluctuations of a laser source. White
noise, which is generated through spontaneous emission in the mode-locking process, can
be amplified and transferred to the next stages of the laser system. A common way to
describe the instability of a laser source is to specify its relative intensity noise (RIN) [135,
136]. The value of optical power of the laser P can be expressed as a sum of average power
Pavg and fluctuating quantity ∆P (t):

P (t) = Pavg + ∆P (t). (2.75)

In general, RIN is defined as a ratio of the mean square power noise and the average power
of the laser [137]:

RIN = ⟨∆P (t)2⟩
P 2

avg

. (2.76)

Thus, the relative intensity noise is a measure used to describe fluctuations in an average
power of a recorded signal (e.g. optical pulse train) over a given measurement time span,
and it represents the stability of the signal’s average power. The optical power of the
laser signal is first identified with a fast photodetector, therefore, the fluctuations of the
optical power are transformed to the electrical power, and the electrical power fluctuations
are measured by the oscilloscope or an electrical spectrum analyzer. The electrical power
PE(t) is proportional to the power intensity, which is determined as the squared optical
power:

I = P (t)2 ∝ PE(t). (2.77)

Therefore RIN parameter can now be expressed through corresponding electrical measures:

RIN = ∆PE(t)
PEavg

. (2.78)

The noise power from Eq. 2.76 can also be represented in the Fourier frequency domain
by a power spectral density (PSD) :

SRIN(f) =
∫ +∞

−∞

⟨∆P (t)∆P (t + τ)⟩
P 2

avg
e−j2πfτ dτ (2.79)
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= lim
T →∞

1
T

〈∣∣∣∣∣
∫ +T/2

−T/2

∆P (t)
Pavg

e−j2πftdt
∣∣∣∣∣
2〉

, (2.80)

where the first relation (Eg. 2.79) comes from a Wiener-Khinchin theorem which says that
the PSD refers to a Fourier transform of the autocorrelation function when the process is
random and wide-sense stationary (it means that its mean function and the correlation
function do not vary by shifts in time) [138]. The second equation (Eq. 2.80) is a result of
the Parseval theorem, and indicates that the PSD can be obtained by taking the average
of the power of Fourier-transformed fluctuations measured in the time domain.

By calculating the integration of the RIN PSD, one can obtain a root mean square
value of RIN from Eq. 2.76, which is known as integrated RIN and expressed in %. The
integrated RIN is then calculated as:

RIN =
∫ frep/2

1/T
SRIN(f)df. (2.81)

where frep/2 refers to the Nyquist frequency of the signal (the pulse train). In practice,
the RIN PSD at higher Fourier frequencies is much lower, therefore, most of the studies
report the measured RIN PSD and integrated RIN up to ∼100 kHz or to ∼20 MHz ranges.
The conceptual illustration of the RIN definition in the time and frequency domain is
presented in Figure 2.31.

Figure 2.31: Relative intensity noise of a mode-locked laser output.

The units of the RIN are Hz−1 but it is usually expressed as 10 times the logarithm
(to the base of 10) of the measured quantity, and the units are dBc/Hz. An example of a
schematic of the RIN measurement is demonstrated in Figure 2.32. The laser signal is first
attenuated by the neutral density (ND) filter to avoid detector saturation and ensure the
linear response of the detector. The optical signal is then detected by the fast photodiode,
and goes through a low-pass filter (LPF). The output laser signal needs to be spectrally
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filtered to isolate particular spectral components, therefore, either a photodetector followed
by the LPF or a low-bandwidth photodetector is required. Eventually, the electrical signal
is recorded by the oscilloscope including both DC and AC components. The DC level of
the signal is necessary for normalization purposes, and the AC component is recorded
and used in post-processing. The computer analysis includes averaging, window sampling,
FFT calculation, normalization and lastly, calculating the integration over the required
frequency interval.

Figure 2.32: The schematic of the RIN measurement. ND: neutral density;
LPF: low-pass filter.

In general, the intensity noise in femtosecond lasers is a result of quantum sources
(including ASE noise and fluctuation in vacuum noise) as well as the contribution of
external technical noise (such as pump drovers, power supply connected to the pump
driver, and the intensity noise of the pump laser itself). RIN measurements have recently
become quite popular as they emerged as a suitable method to directly compare different
laser systems. Especially the integrated RIN is treated as a comparative measure as it
allows to quantitatively describe different laser setups. However, it is worth noting that
RIN measured over different frequency ranges can results that are unlike, therefore, it
is crucial to provide the integration range together with the result of RIN in %. As the
technique is quite universal, it has been implemented to analyze the contribution of the
noise by the nonlinear effects, including both SSFS and supercontinuum.
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Chapter 3

Dual-wavelength pumped highly
birefringent microstructured silica
fiber

3.1 Introduction
The discovery of the SSFS effect opened a new platform for a variety of applications,

such as mid-infrared optical frequency comb generation [139], three-photon microscopy for
deep tissue imaging [67], or seed sources for fiber amplifiers [58]. The SSFS phenomenon
enables continuous broad wavelength tuning of ultrashort laser pulses with an efficiency up
to 97% [140]. Spectral conversion can be successfully implemented in standard single-mode
silica fibers, however, with nonlinear coefficient and dispersion properties limited to certain
levels. The first pumping of the Stokes frequency by the input source in a single-mode
quartz fiber was reported in 1985 by Dianov et al. [48]. The SSFS was first officially
discovered one year later, in a PM SMF [49] where Mitschke and Mollenauer observed
a 75 nm shift from 1.5 µm pumping. Later, Beaud et al. demonstrated a soliton shift
from 1.36 to 1.54 µm [50], and Nishizawa presented soliton generation up to 2.03 µm
from 1.5 µm pumping [51]. Since the dispersion of the silica fiber is anomalous and has
a ZDW ≈1.3 µm, the soliton propagation in the SMF is narrowed to the region of λ >
1.3 µm. Compared to the standard silica fiber, a MOF possesses design flexibility which
allows for improving the tuning range of the ultrashort pulses with maintaining the high
birefringence. Air-silica microstructured fibers have proved to be a great medium for the
generation and observation of the spectral conversion of optical solitons. The structure of
a MOF, however, can be designed so that the zero-dispersion wavelength (ZDW) is shifted
to shorter wavelengths, allowing the use of Yb-doped lasers for soliton generation. In [54],
Washburn et al. demonstrated te SSFS effect in a MOF with wavelength tunability of
0.85-1.05 µm. In [55], Cormack et al. achieved SSFS up to 1.26 µm from 0.8 µm pumping.
Other studies reported achieving the spectral tuning of the optical solitons in a MOF
within a wavelength range between 0.6 µm and 1.7 µm [56, 57, 141–144], however, still
with the use a microstructured fiber optimized for only one pumping source.
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In this chapter, an analysis of the SSFS effect in a microstructured silica fiber which can
be pumped by two different wavelengths is going to be presented. A full characterization
of the fiber is provided, including fiber dispersion profile and details of the structure design.
The numerical simulations are presented together with the experimental results obtained
for two pumping schemes. Eventually, the analysis including a degree of coherence and
polarization extinction ratio (PER) for the fabricated fiber is performed. The research has
been conducted in cooperation with the Faculty of Fundamental Problems of Technology
from our University, the Laboratory of Optical Fiber Technology in Lublin and the
Department of Physics from Umeå University in Sweden. To our knowledge, there was
no example in the literature of using any kind of fiber which would be suitable for two
pumping wavelengths simultaneously. The results of this work were published in [59]. We
believe that such microstructured silica fiber would become a versatile tool for numerous
MIR systems.

3.2 Microstructured silica fiber

3.2.1 The aim of the study
A motivation for this research has been to propose a microstructured silica fiber

that would be suitable for two very common pumping wavelengths: 1 µm and 1.5 µm.
By properly selecting the fiber parameters one is able to shift the ZDW to the shorter
wavelengths, enabling pumping with desired sources. These parameters are: a lattice
pitch (Λ), which corresponds to the distance between two neighbouring air holes, and
air filling factor ff = d/Λ, where d describes the air hole diameter in the cladding. The
MOF with an optimal fiber design would then be drawn in the Laboratory of Optical
Fiber Technology in Lublin and investigated in experiment with the use of femtosecond
lasers. Since most of the examples in the literature concentrate on scaling up the powers,
shortening the output pulse duration, and extending the covering bandwidth, the other
issues concerning coherence degree or polarization are often neglected. However, to ensure
the demonstrated setup would be suitable for real-life applications, it is often crucial to
possess a high degree of coherence and high-quality linear polarization. Our goal was to
verify these properties.

3.2.2 Description of the fiber structure
The microstructured fiber has been designed and modelled by the Optics and Photonics

Group in the Faculty of Fundamental Problems at the WRUST. The final parameters of
the designed MOF structure are as follows:

• the pitch distance Λ = 2.7 µm

• the diameter of the small holes ds = 1.44 µm (ff s = 0.53)

• the bigger holes’ diameter d = 2.2 µm (ff = 0.81)
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Figure 3.1: (a) Design parameters of the MOF structure: lattice pitch
(Λ), d – diameter of cladding holes, ds - diameter of small holes adjacent
symmetrically to the core; (b) Scanning electron microscope image of the fiber
cross-section.

The transmission loss spectrum of the MOF is presented in Figure 3.2. In the considered
range (1.2 – 2.0 µm) the transmission is maintained below 0.1 dB/m with the exception of
the wavelengths covering the OH absorption bands.

Figure 3.2: Transmission loss spectrum of the fabricated MOF.

The spectral dependence of chromatic dispersion for both polarization modes in the
0.85 – 2 µm spectral range is illustrated in Figure 3.3. Here, the measured and calculated
spectral dependence of dispersion is depicted for two polarization modes: LPX

01, LPY
01. The

ZDW amounts to 932 nm and 945 nm for the modes LPX
01, LPY

01, respectively. Two arrows
in Figure 3.3 indicate the pump wavelengths: 1.04 µm and 1.56 µm.

3.3 Experimental results of the SSFS generation in
the MOF

The experimental setup is presented in Figure 3.4. Two different types of pumping
sources have been used for this experiment. One of them was a commercial Ytterbium-
doped fiber laser (YDFL) system (Orange-HP, Menlo Systems) that emitted 60 fs pulses
centred at 1.04 µm with 125 MHz repetition rate. The other one was an in-house built
Erbium-doped fiber laser (EDFL) delivering 25 fs pulses at 1.55 µm with 45 MHz repetition
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Figure 3.3: Measured (dots) and calculated (solid line) dispersion profiles
of the fabricated MOF for two orthogonal polarization modes. The arrows
indicate the pumping wavelengths.

rate (explained in details [145]). The laser beam was coupled to the SSFS fiber via an
aspheric lens (AL) with a focal length of 3.1 mm. The half-wave plate (HWP) together
with the polarizing beam-splitter (PBS), served as an attenuator of the input power. The
other HWP was used to adjust the proper input polarization to the nonlinear fiber. The
second aspheric lens was used to collimate the output laser beam from the fiber and
the bandpass filter (F) was utilized to to cut the residual pump out which allowed for
measurement of the power stored in the solitons. The laser beam from the fiber output
was then provided to the optical spectrum analyzer (OSA) for the measurements.

Figure 3.4: Experimental setup for SSFS generation; 1
λ : half-wave plate,

PBS: polarizing beam-splitter, AL: aspheric lens, F: bandpass filter.

58



3.3. Experimental results of the SSFS generation in the MOF

The experimental spectra generated in the 1.5 m long fiber pumped with 1.04 µm and
1.55 µm are presented in Figure 3.5. All the spectra were recorded with the polarization
aligned to the slow axis of the fiber. The spectra in Figure 3.5 (a) were registered with
the use of a home-built Fourier spectrometer, whereas the spectra in Figure 3.5 (b) were
recorded with the use of OSA (Yokogawa AQ6375). The spectral tuning of the solitons
was obtained by simply changing the laser power coupled to the fiber, stated as Pin in
Figure 3.5. For the 1.04 µm pumping the input power was changed from 100 to 275 mW,
and the achieved spectral range of the shifted solitons was 1.42–1.67 µm. In case of 1.55
µm pumping, the input power varied between 58 to 107 mW, and the soliton shift covered
the wavelength range of 1.70-1.95 µm.

The experimental results of the generated solitons presented in Figure 3.5 were plotted
together with the simulated solitons’ spectra. The numerical model was based on the
General Nonlinear Schrödinger Equation solver [146]. The solver was adjusted to include
the Raman response function [46], the dispersion of the effective mode area [147], and
wavelength-dependent attenuation [148]. It has also been verified that the scalar approach
is actually comparable to the vector approach with the Raman response function [149].

The simulations were performed for both pumping sources: YDFL and EDFL, over a
propagation distance of 1.5 m. The power levels which were considered in the simulation
model are described as P sol

exp and presented in Figure 3.5. They were corrected with respect
to the coupling efficiency calculated from the experiment: 47% for the YDFL pumping
and 50% for the EDFA pumping. The initial pulse of the pumping laser was combined of
three hyperbolic sech pulses to imitate the experimental pulse autocorrelation as described
in [46].
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Figure 3.5: Experimental (coloured lines) and numerical (black lines) optical
spectra of SSFS generation for the 1.5 m long SSFS fiber for YDFL (a) and
EDFL (b) pumping.

Figure 3.6 gathers the magnitudes of power levels stored in the solitons, the conversion
efficiency and the central wavelengths of the solitons as a function of pumping power for
both YDFL (a) and EDFL (b) laser sources. The average optical powers stored in the
tunable solitons were measured with a power meter with a thermal sensor and the use of a
long-pass filter with 1.35 µm cut-off wavelength (Thorlabs FELH1350). In case of YDFL,
the measured power was between 29 mW (for the shortest-wavelength soliton) and 55
mW (for the longest-wavelength soliton). The achieved power levels stored in the solitons
correspond to the power conversion efficiency in the range of 20-28%. For the 1.55 µm
pumping, the average optical power stored in the solitons was measured with the same
thermal power meter and a filter with the transmission band of 1750-2250 nm (Thorlabs
FB2000-500). The average power stored in the solitons was in the range of 21.6 mW (for
the soliton centred at 1786 nm) and 29.6 mW (for the soliton at 1948 nm). The power
conversion efficiency for these solitons was in the level of 27-33%.

It has to be pointed out that the conversion efficiency measurements were performed
with respect to the laser powers in front of the fiber end. Therefore, the efficiency values
also included coupling efficiency to the fiber, which was in the range of 47-58%. These
results are similar to the outcomes from the literature: 22% in [150], 10% in [58], 35% in
[151, 152].
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Figure 3.6: Soliton central wavelength (blue squares), power stored in the
soliton (black triangles), and conversion efficiency (red dots) as a function of
the power of the laser for YDFA (a) and EDFA (b) pumping.

3.3.1 Coherence measurements
Coherence measurements for the fabricated MOF have been performed in a manner

that has already been described in Chapter 2. Therefore, for this purpose a home-built
fiber interferometer was used based on the Michelson scheme. Figure 3.7 presents the
results of the coherence measurement for both, 1.04 µm (a) and 1.55 µm (b) pumping.
For the YDFL pumping, the V (λ) is at the level of 0.7 – 0.9 for the solitons between 1.4
to 1.7 µm wavelength, whereas for EDFL pumping the coherence degree reaches up to
even 0.9. The results confirm the high coherence of the shifted solitons for both pumping
sources. In Figure 3.7 (b), one can notice a slight degradation in the range of 1.77 – 1.87
µm wavelength. However, the origins are not fully understood and it requires further
research on the subject.

Figure 3.7: The results of coherence measurements for solitons generated in
a MOF in case of YDFA (a) and EDFA (b) pumping.
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3.3.2 SSFS for different MOF segments
The maximum possible soliton shift was also verified for different lengths of the MOF

fiber. Five different segments of the fiber: 150, 180, 210, 230 and 275 cm were pumped
with the EDFA laser in order to verify the maximum spectral soliton shift for maximum
pumping power (107.2 mW) of the laser. The results are plotted in Figure 3.8 (a) together
with the numerical simulations. They confirm that a longer propagation distance allows for
further soliton shift, up to 2.07 µm for the MOF length of 275 cm. For each segment, the
coherence degree has been measured with the same method as previously. The results are
depicted in Figure 3.8 (b). As the length of the fiber increases, a coherence degradation is
observed. This interesting observation leads to a conclusion, that since the fiber length can
be adjusted for desired spectral soliton shift, the pulse properties, such as coherence, can
be negatively affected. Therefore, for the applications in various laser systems, it would be
a good idea to use as short segment of a MOF as possible.

Figure 3.8: The spectral soliton shift as a function of fiber length for
five different propagation distances in case of 1.55 µm pumping (solid lines)
together with the numerical results (dashed lines) (a); coherence measurements
for corresponding propagation lengths (b).

3.3.3 Polarization extinction ratio measurements
A useful measure, widely implemented to estimate how well the light is confined in

a principal polarization linear mode, is a polarization extinction ratio (PER) parameter
[153, 154]. For a polarized light signal that is transmitted onto a polarized filter and an
analyzer, PER can be defined as the power of the signal when the two polarization axes
are aligned (Ppass axis) compared to the power of the signal measured when the axes are
crossed (Pcross axis):

PER(dB) = 10log10

(
Ppass axis

Pcross axis

)
(3.1)

In case of coupling the light to the birefringent fiber, as it has already been mentioned,
the light is adjusted to be coupled to the slow axis of the fiber. However, there is usually
a small polarization cross-talk and some amount of power is excited in the fast axis. In
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this case PER is defined as the ratio between the amount of power in the slow axis to the
light excited in the fast axis:

PER(dB) = 10log10

(
Pslow axis

Pfast axis

)
(3.2)

For the ideal system the PER value is infinite. However, usually, the value of this parameter
for high birefringent systems is in the range of 20-30 dB. The experimental setup consisting
of a half-wave plate (HWP), two aspherical lenses (AL), a MOF fiber and a polarizer (P)
is presented in Figure 3.9. The position of the HWP was adjusted to match the slow or
fast axis of the fiber. One of the aspheric lenses was used to couple the light into the
fiber and the other to collimate the light from the fiber. The polarizer can be aligned to
propagate the light in either a slow or fast axis. The spectra were recorded with the OSA.

Figure 3.9: Experimental setup for polarization extinction ratio (PER) mea-
surement. AL: aspherical lens, P: polarizer, OSA: optical spectrum analyzer.

The recorded spectra of the PER measurement for the YDFL pumping are presented
in Figure 3.10. The measurements were performed for three different laser power levels,
so that the solitons were centred at three chosen wavelengths: 1460, 1540 and 1640 nm.
This procedure allows for spectral dependence investigation of the soliton’s PER. PER
measurements were performed for slow and fast axis. A blueshift of the solitons is observed
in case when the fast axis is excited, and therefore the solitons are centered at 1440, 1490
and 1550 nm. In case of alignment to the slow axis (subfigures a, c, e), the PER magnitude
increases with the spectral redshift, from 11 dB at 1460 nm, reaching 14 dB at 1640 nm.
In the situation where the input polarization is aligned to the fast axis (subfigures b, d,
f), the values of PER are 1-2 dB lower for each corresponding soliton, reaching 13 dB at
maximum for soliton at 1550 nm.
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Figure 3.10: PER measurement results of the fabricated MOF under YDFL
pumping for three soliton wavelengths: 1460 (a, b), 1540 (c,d) and 1640 nm
(e,f). Left column shows the results for slow axis alignment, right column
presents spectra for fast axis. Black lines correspond to the spectra measured
without the polarizer. Blue and red lines represent the spectra registered with
the polarizer aligned for transmission and blocking, respectively. The angles
are with respect to the fiber slow axis.

The spectra of the PER measurement for the EDFL pumping are depicted in Figure
3.11. It is observed that in this case the PER values are significantly higher, namely in the
range of 25-26 dB for polarization alignment in the slow axis and in the range of 24-27 for
the fast axis. The spectra recorded when the slow axis is excited are presented in Figures
3.11 a, c, and e, whereas the results for the fast axis are gathered in the right column, in
Figures 3.11 b, d, and f. In Figures on the right, when the fast axis is excited, an additional
spectral component is observable in the long-wavelength part of the soliton spectrum. This
feature is known as soliton trapping, and can be a consequence of a difference in group
velocities of slow and fast modes in a MOF.
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Figure 3.11: PER measurement results of the fabricated MOF under YDFL
pumping for three soliton wavelengths: 1900 (a, b), 1850 (c, d) and 1800 nm
(e, f). Left column shows the results for slow axis alignment, right column
presents spectra for fast axis. Black lines correspond to the spectra measured
without the polarizer. Blue and red lines represent the spectra registered with
the polarizer aligned for transmission and blocking, respectively. The angles
are with respect to the fiber slow axis.

3.4 Conclusions
In this Chapter, the SSFS effect generated in a microstructured silica fiber for two

pumping laser sources: 1.55 µm and 1 µm has been demonstrated. The frequency-shifted
solitons were widely tunable up to 1.67 µm when pumped with YDFL at 1 µm and up
to 1.95 µm when using EDFL operating at 1.55 µm. It was verified that using longer
segments of the MOF, the spectral shift can be enhanced up to 2.05 µm. When pumped
with YDFL, the generated spectral bandwidth covers the 1.3 µm band, which is of interest
of OCT and the 1.55 µm band, which covers the bandwidth of Erbium gain media. For
EDFL pumping, the generated optical solitons cover the wavelength range between 1.65
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and 1.95 µm, which also stands for the bandwidth of the Thulium gain media, therefore,
they can be used as seed sources For Tm-doped fiber amplifiers. In both pumping schemes,
the conversion efficiency for the generated solitons was higher than 20%. What is more,
it was verified that both, the coherence and the polarization extinction ratio parameter
for the Raman solitons were high enough to use the fabricated fiber in setups for tunable
sources used in various areas, including spectroscopy, imaging, frequency-combs or as
seedings for fiber amplifiers.
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Chapter 4

ANDi supercontinuum and SSFS as
seed sources for Thulium-doped fiber
amplifiers

4.1 Introduction
Recently, ultrafast lasers operating in the 2 µm regime have attracted attention due to

their potential as sources for multiphoton microscopy [155], mid-infrared frequency combs
[156], absorption spectroscopy [157] and microsurgery [158]. The applications involving 2
µm sources are very demanding as they require wide spectral bandwidth, proper stability,
satisfactory noise properties, and high coherence. The common way to obtain a laser source
in this wavelength range is through direct emission, namely, to combine the Tm or Ho
gain media with various mode-locking techniques, e.g. graphene [159], carbon nanotubes
[160], semiconductor saturable absorber mirrors (SESAMs) [161], or nonlinear polarization
evolution [162]. Although these sources can reach kilowatt peak power levels, they usually
feature limited spectral bandwidth. What is more, such sources do not offer tunability, and
the cost of components is usually very high. The alternative approach includes utilizing
nonlinear effects such as supercontinuum and SSFS with widely used and affordable mode-
locked Erbium-doped (Er) fiber lasers. A number of research studies is currently devoted
to analyzing noise properties, such as Relative Intensity Noise (RIN) of the assembled
sources. Simultaneously, the supercontinuum generated in all-normal dispersion fibers
(so-called ANDi-SC) emerged as a potential low-noise seeding solution. However, the
discussion of whether nonlinear dynamics (including spectrally-shifted solitons) generated
in the anomalous dispersion regime lead to significantly higher sensitivity and quantum
noise when compared to ANDi-SC is still ongoing.

In this Chapter, a comprehensive study on the stability, noise properties and coherence
of both the SSFS and SC effects is presented. The generation of the spectrally-shifted
solitons and supercontinuum in optical fibers with different dispersion regimes is described
with the demonstration of the numerical simulations of both effects. Eventually, the
experimental work is shown and the comparison between these two different types of
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ultrashort sources is discussed. The emphasis is put on the comparison of different types
of nonlinear fibers in terms of their stability and noise properties.

4.2 Spectral conversion for 2 µm laser sources: SSFS
and ANDi-SC

The principles of the SSFS phenomenon have already been described in Section 2.
Due to the stimulated Raman scattering, one part of the ultrashort pulse spectrum can
experience gain at the expense of the other part. As a result, the pulse traveling in an
optical fiber, can shift towards longer wavelengths in the form of an optical soliton. To
obtain soliton at 2 µm one can simply use a relatively well-known Er-doped fiber laser at
1.55 µm and pump the optical fiber with an ultrashort pulse. The possibility to employ
a nonlinear fiber for SSFS allows for using a shorter segment of the fiber in the laser
system, even below 1 m when compared to at least several meters of SMF. The air-silica
microstructured fibers are birefringent can even be spliced with standard SMFs with the
splice loss reduced to 0.4 dB [163]. The example of the SSFS effect generated in a MOF is
presented in Figure 4.1 (a). Since the soliton tuning is a function of the input power, by
simply changing the laser power to the fiber (Pin) we can set the wavelength position of
the optical soliton.

The tunable solitons generated through the SSFS effect proved to maintain coherence
[58, 64] and can serve as seedings for Thulium-doped fiber amplifiers [58]. They were
also reported to exhibit high performance when considering other noise dynamics, such as
relative intensity noise (RIN). The values of RIN for soliton seedings are usually between
0.2-0.7% [164, 165]. In [164], Coluccelli et al. demonstrated a high-power frequency comb
seeded by frequency-shifted solitons. The setup featured 0.3% RIN integrated over the
frequency range of 1 Hz-10 MHz which was 2 times larger than the RIN of the seed. In
[165], Authors presented a Tm-Ho-doped amplifier fiber operating at 1.9 µm seeded by
Raman solitons that exhibited RIN values of 0.6% (integrated over 1 Hz-1 MHz) which
claimed to be 4 times higher than RIN of the seed.

Whereas the mechanism of the SSFS is quite straightforward and related directly to the
stimulated Raman scattering, the origins of the supercontinuum are more complex which
has already been described in Chapter 2. Although the generation of supercontinuum
allows for obtaining source at wide range of wavelengths, its applicability can often be
reduced due to modulation instability (MI) that arise in anomalous dispersion regime.
The noise performance of the sources based on SC generated in anomalous dispersion
fibers is significantly degraded when compared to Er-doped fiber lasers that serve as seeds.
It is due to the induction of the excess amplitude and phase noise during the nonlinear
broadening process, and then further increasing this noise in the amplifier stage. A few
years after Ranka’s demonstration, a novel version of supercontinuum was demonstrated
in a MOF with normal dispersion profile [166]. The example of the ANDi-SC phenomenon
generated in a MOF is presented in Figure 4.1 (b).
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Figure 4.1: The example of an SSFS (a) and an ANDi-SC (b) generated in
a MOF.

First works on ANDi-SC have already proved that it exhibits a higher degree of
coherence and lower RIN when compared to the anomalous dispersion regime [166, 167].
This can be the result of different origins than for the SC in anomalous dispersion domain.
In case of an ANDi fiber that is pumped by femtosecond laser pulses, the SPM and optical
wave-breaking (OWB) are the main effects responsible for spectral broadening [107].

Due to its excellent properties, the supercontinuum generated in normal-dispersion
fiber has also emerged as a suitable low-noise seed source for Tm-doped amplifiers [168,
169]. In [169], Authors demonstrated Tm/Ho-doped fiber amplifier seeded by ANDi-SC
that exhibited 0.07% integrated RIN over the frequency range of 10 Hz-20 MHz which
corresponded to only a 1.5 noise amplification factor. In [168], Rampur et al. showed
0.047% integrated RIN over the frequency range of 10 Hz-10 MHz for a Thulium-doped
fiber amplifier seeded by ANDi supercontinuum.

Although these two nonlinear phenomena, SSFS and supercontinuum, have different
origins, both have been proved to be successfully used as seedings for fiber amplifiers
operating at 2 µm regime. And, since a number of research studies was devoted to
investigate noise properties of the ANDi-SC comparing to SC in anomalous dispersion
regime, a possible conclusion would be, that in general, normal dispersion domain provides
more suitable sources for high-demanding applications, such as spectroscopy and precision
measurements. However, this should not be exactly truth. In fact, for Tm-doped fiber
amplifiers purposes, frequency-shifted solitons seem to be more suitable as they can provide
a high degree of coherence and a smooth spectral shape. What is more, they offer easy
wide tuning, therefore, they easily match the required spectral range so that one can
benefit from the highest gain of the amplifier.

The general idea of the comparative study on SSFS and ANDi-SC
The results of the study that is going to be presented in this Chapter have been
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published in [63]. As there had been no direct comparison between the SSFS effect and
ANDi-SC in the literature, our goal was to fill this gap. All experimental measurements
were performed by the Author, and the numerical part of the experiment was done in
a collaboration with the Faculty of the Fundamental Problems of Technology from our
University. The nonlinear fibers that were used for this experiment were produced by our
collaborators from the Laboratory of Optical Fiber Technology in Lublin.

Specifically, the aim of this experiment was to quantitatively compare two different
types of nonlinear effects generated in the 2 µm wavelength range. For this purpose, two
nonlinear fibers were used. Both fibers were air-silica microstructured fibers that were
fabricated from a very similar preform and made from the same glass composition, but
drawn at the tower with different parameters. In both cases, the cladding consisted of
an air-hole structure with bigger air-holes on the both sides of the core. The structure of
each fiber is presented in Figure 4.2. The nonlinear fibers feature the same core diameter
of 2 µm, but they differ in fiber nonlinearity. The nonlinear coefficient, γ amounts to
7.7 W−1km−1 for the SSFS fiber (the cross-section presented in Figure 4.2 a), and 9.8
W−1km−1 for the ANDi fiber (cross-section shown in 4.2 b)).

Figure 4.2: The fibers’ cross-section (SEM images): (a) the SSFS fiber, (b)
the ANDi-SC fiber.

Such a design of the fiber structure provides polarization-maintaning inside the fiber
and also the proper dispersion characteristics. Dispersion profiles of the fibers are presented
in Figure 4.3. The nonlinear fiber adjusted for the SSFS effect (its dispersion is presented
in Figure 4.3 a)) possesses the ZDW at 1.3 µm. Therefore, for 1.55 µm pumping it provides
the anomalous dispersion regime (D coefficient > 0, β2 < 0). When it comes to the other
nonlinear fiber, with dispersion profile presented in Figure 4.3 b), one can easily notice
that there is no ZDW and the entire dispersion curve is in the normal dispersion regime
(D coefficient < 0, β2 > 0).

4.3 Experimental setup
The experimental setup is presented in Figure 4.4. The Er:doped oscillator generating

335 fs pulses at 125 MHz repetition rate serves as a seed source. The laser has been built
in our laboratory, based on passive mode-locking with the use of graphene. The details
of the setup are in the work [126]. The femtosecond pulses from the oscillator are then
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Figure 4.3: The measured dispersion profiles of the nonlinear fibers used in
the experiment: (a) the SSFS fiber, (b) the ANDi-SC fiber.

provided through a 99/1 optical coupler to the polarization-maintaining Er-doped fiber
amplifier (PM-EDF) which was built in the chirped-pulse amplification scheme. In such
configuration, mode-locked pulses are first stretched in a normal dispersion fiber (here,
a gain fiber), then amplified in an Er-doped amplifier, and eventually are compressed in
the SMF that possesses an anomalous-dispersion profile. The amplifier consists of two
filter-type WDMs, and a 131 cm-long Er-doped fiber (nLight Liekki Er80-4/125-PM-HD).
Two single-mode 980 nm diode pumps were used to pump the gain fiber. In the final stage,
the pulse was compressed in a short segment of PM-SMF (Coherent PM-1550 XP), which
features anomalous dispersion.

Figure 4.4: Experimental setup for ANDi-SC and SSFS characterization
(WDM: wavelength division multiplexer, PM-EDF: polarization-maintaining
Erbium-doped fiber, HWP: half-wave plate, PBS: polarizing beam-splitter,
SM: switchable mirror); (b) cross-section image of the ANDi and (c) SSFS
fiber.

The characterization of the output pulses from the amplifier is presented in Figure 4.5.
The autocorrelation presented in Figure 4.5 (a) indicates that the source laser generated
a sech2-shaped pulses with low-intensity side lobes and the pulse duration was 50 fs.
The optical spectrum of the laser amplifier presented in Figure 4.5 (b) shows that the
bandwidth of the pulse spectrum was 61.6 nm. The RF spectrum is depicted in Figure 4.5
(c) with the first harmonic at 125.0275 MHz presenting that the signal-to-noise ratio is 65
dB. Figure 4.5 (c) also presents the 7 GHz span of the RF spectrum indicating the stable
mode-locking of the laser source.

The laser beam was then provided via aspheric lenses to both nonlinear fibers. The
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Figure 4.5: Autocorrelation of the laser pulse (a), the pulse optical spectrum
(b), and the radio-frequency spectrum with the first harmonic and the 7 GHz
span (c).

combination of a half-wave plate (HWP) and polarizing beam-splitter (PBS) played role
of an attenuator. A switchable mirror (SM) was used to switch between two nonlinear
fibers. In case of both nonlinear fibers a fiber connector was spliced to the fiber end. It is
important to mention that both nonlinear fibers were placed at the same optical table
and mounted on identical optomechanical stages (Thorlabs MAX313D), thherefore, the
measurements in case of both fibers were performed in the same laboratory conditions.

The generated spectra from both nonlinear fibers are presented in Figure 4.6, together
with the numerical simulations. In the numerical model, as previously, the GNLS Equation
was used to perform the calculations of the pulse propagating along the both fibers length.
The initial pulse profile was retrieved from the actual autocorrelation measurement to
reflect the experiment. The values of the effective mode-area for the ANDi fiber was 13.8
µm2 and the nonlinear parameter was γ = 9.8 W−1km−1, whereas in case of the SSFS
fiber it was 10.8 µm2, and γ = 7.7 W−1km−1. Figure 4.6 demonstrates generated spectra
in ANDi fiber (a) and SSFS fiber (b) for power levels varying from 60 mW to 162 mW. It
can be noticed that the spectral coverage of both effects reaches up to 2200 nm.
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Figure 4.6: Measured and simulated spectra of the ANDi-SC (a) and SSFS
(b) in both nonlinear fibers.

4.3.1 Measurement results
The next step was to investigate the noise properties of both nonlinear effects. The

outputs of the fibers were provided to different setups built for this experiment. The
results of the coherence measurements and DFT are presented below. Then, the setup
of the Tm-doped fiber amplifier seeded with both effects is presented and temporal and
spectral characteristics obtained from FROG measurement are discussed. The last part
contains the RIN measurements which includes the amplitude noise investigation of each
stage of the setup.

Coherence
The first property to investigate was the coherence of the output pulses from both

nonlinear fibers. This property was measured with a fiber-based Michelson interferometer
and the procedure was the same as presented in Figure 2.28, in Chapter 2, Section 2.7.2.
The interferometer employed a 50/50% coupler (similar as in [131]) and was adapted to
the 125 MHz repetition rate of the source. The difference in the arm length was 80.8
cm. The interference pattern was recorded with the use of an optical spectrum analyzer
(Yokogawa AQ6375, OSA) with the resolution of 0.05 nm. The results of the coherence
measurements for the ANDi fiber (a) and SSFS fiber (b) are presented in Figure 4.7. It
can be noticed that the coherence is very high for both effects. In case of ANDi fiber, the
V parameter is between 0.8 and 1 in the entire wavelength range, whereas for solitons it is
around 0.9 up to 1900 nm. For longer wavelengths the coherence slightly degraded but the
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V parameter is still very high: 0.8 for soliton at 1975 nm and between 0.6-0.8 for soliton
at 2025 nm. The measurement revealed, that the SSFS is comparable to ANDi-SC in
terms of coherence, and the anomalous dispersion of the fiber does not lead to coherence
degradation of the frequency-shifted solitons.

Figure 4.7: Coherence measurement results for ANDi (a) and SSFS (b) fiber.

DFT
To investigate the stability of both types of pulses, a DFT technique was employed.

The measurement procedure was the same as described in Chapter 2, Section 2.7.1. In
this scheme, a 487 m long SM1950 fiber (Fibrain Sp. z o.o.) was used as a stretcher.
The fiber provided time-wavelength mapping which is graphically presented in Figure
4.8. Pulses from the dispersive fiber were detected by the photodetector (Discovery
Semiconductors DSC2-50S) and recorded by the 6 GHz bandwidth oscilloscope (Agilent
Infinuum DSO90604A). At the same time, pulses were recorded with the optical spectrum
analyzer to verify whether the temporal shape mimics the spectrum.

Figure 4.8: Time-wavelength mapping curve used for the DFT measurements
of both ANDi-SC and SSFS.

With the use of 5000 traces and the time-wavelength mapping as presented in Figure
4.8 it was possible to obtain spectra demonstrated in Figure 4.9 and 4.10. By taking into
account that the zero-dispersion wavelength of the used fiber is near 1.3 µm, and the
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time-wavelength mapping is not exactly determined for the wavelengths near that region,
the spectra are limited to 1.65 µm on the short-wavelength side. The DFT was performed
for the ANDi-SC and five different solitons centred at: 1858, 1894, 1925, 1953, and 1975
nm. Each trace was transformed to the wavelength domain (grey dots in the middle
column of the Figure) and was drawn together with the spectrum obtained from the OSA
(solid blue line). The averaged spectra (red line) are in an excellent agreement with the
optical spectra registered from the OSA, which confirms the validity of the method of
time-wavelength mapping.

Figure 4.9: The results of the DFT measurements performed for ANDi-SC:
correlation map (a); optical spectra from the OSA (blue line) and retrieved
from the DFT: single shot measurements (grey dots) and the mean spectrum
(red line) (b); the calculated SNR (c).

To compare the SNR for ANDi-SC and SSFS, a standard deviation of the intensity has
been calculated for each case. The signal-to-noise ratio has been expressed as the ratio of
the mean to the standard deviation and is presented in the right column in Figures 4.9
and 4.10. The resulting SNR for the ANDi-SC amounts to 90 at a maximum around 1.85
µm. For the solitons in all cases the SNR is higher, for some of them exceeding even 200.

Lastly, the spectral correlation maps were calculated and the results are presented
in the left column in Figures 4.9 and 4.10. The spectral correlation maps are used to
estimate the timing jitter. When a pulse is shifted towards longer wavelengths from
the central wavelength position, spectral intensities are changed as follows: they are
increased at longer wavelengths and decreased at shorter wavelengths. The situation is
the opposite when the pulse shifts towards shorter wavelengths. This mechanism can be
expressed as a positive and negative correlation. Here, the contrast of the correlation maps
is limited by the contribution of the random noise. There is also a difference between
the SC and solitons’ correlation maps, as the solitons possess narrower spectra than the
supercontinuum. Therefore, the regions of the spectral correlations are also narrower in
these cases.

The DFT investigation results indicate that both nonlinear effects are characterized
by excellent shot to shot stability, despite different dispersion characteristics of the fibers.
What is more, it was not observed that the Raman solitons suffered from an excessive
shot-to-shot noise, which was previously observed in case of supercontinuum generation in
anomalous dispersion fiber and linked to the particular dispersion regime [170]. Therefore,
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we can conclude that the SSFS effect can generate pulses of as high stability as the pulses
generated from the ANDi-supercontinuum.

Figure 4.10: The results of the DFT measurements performed for the SSFS,
for solitons centred at 1858, 1894, 1925, 1953, 1975 nm: correlation map (a),
(d), (g), (j), (m); optical spectra from the OSA (blue line) and retrieved from
the DFT: single shot measurements (grey dots) and the mean spectrum (red
line) (b), (e), (h), (k), (n); the calculated SNR (c), (f), (i), (l), (o).
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4.3.2 Tm-doped fiber amplifier seeded with ANDi-SC and SSFS
In the next step, both sources were utilized as seeds for a Thulium-doped fiber

amplifier. The setup is presented in Figure 4.11. The amplifier was built in the chirped
pulse amplification (CPA) regime. In the current setup, pulses are first stretched in a PM
dispersion-compensating fiber (PM-DCF). The DCF possessed a value of the second-order
dispersion β2 of 0.075 ps2/m at 1950 nm. A 3 m-long DCF was used for the configuration
with the SSFS fiber, and a 2 m-long segment for the setup with ANDi-SC fiber. The
temporally-stretched pulses are then amplified in a Tm-doped fiber amplifier, where the
Tm-doped fiber is pumped by a 1565 nm continuous-wave (CW) Erbium/Ytterbium-
doped-fiber laser. The pump laser is provided to the amplifier through a 50/50 optical
coupler (OC) and two filter-type PM WDMs. Lastly, the pulses are compressed in a
segment of PM-SMF (Coherent PM-1550 XP). A 94 cm-long segment of PM SMF was
used to compress the pulse in the configuration with ANDi-SC, and segments of PM-SMF
optimal for the Raman solitons were between 81- and 134-cm long. All fibers used in
the Tm-doped fiber amplifier were polarization-maintaining. The output pulses from the
amplifier were provided to the OSA (Yokogawa AQ6375B) and FROG (FROG Scan Ultra2,
Mesa Photonics) for further analysis.

Figure 4.11: The Tm-doped fiber amplifier setup. PM-DCF: polarization-
maintaining dispersion-compensating fiber; PM-TDF: polarization maintaining
Tm-doped fiber; PM-WDM: polarization maintaining wavelength division
multiplexer; PM-SMF polarization maintaining single-mode fiber; OSA: optical
spectrum analyzer; FROG: frequency-resolved optical gating.

The results of performed measurements are presented in Table 4.1. The outcomes
including pulse duration, average optical power and the energy of the pulse for the ANDi-
SC and the corresponding soliton (centred at the same operating wavelength) are gathered
with the best-achieved results for the soliton centred at 1950 nm. The configuration of
the Tm-doped fiber amplifier seeded with ANDi-SC resulted in 92 fs pulses and 350 mW
average optical power at a maximum, which corresponded to the 2.8 nJ of the pulse energy.
Comparable but slightly better results were obtained for the soliton at 1870 nm: 88 fs
pulse duration, 365 mW of average optical power and relating energy was 2.92 nJ. However,
the shortest pulse was obtained for soliton at 1950 nm. The pulse was as short as 80 fs,
possessed 400 mW average optical power and 3.24 nJ energy.
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Table 4.1: Results obtained for Tm-doped amplifier seeded by ANDi-SC and
Raman solitons.

Seed source Pulse
duration [fs]

Average optical
power [mW]

Energy of the
pulse [nJ]

ANDi-SC 92 350 2.80
SSFS @1870 nm 88 365 2.92
SSFS @1950 nm 80 405 3.24
SSFS @1970 nm 95 370 2.96
SSFS @1994 nm 107 278 2.22

The registered optical spectra from the OSA together with the results from the FROG
measurements, including temporal pulse shapes, spectrograms, and temporal and spectral
phase are gathered in Figures 4.12 and 4.13. The subfigures 4.12 (a) and 4.13 (a), (d), (g),
(j) present the temporal shapes of the pulses and their temporal phase. One can notice
that the phase is flat in the vicinity of the pulse centre in all cases. The middle column of
Figures 4.12 and 4.13 (subfigures 4.12 (b) and 4.13) (b), (e), (h), (k)) demonstrate the
pulse spectra and the spectral phase. The last column (Figures 4.12 (c) and 4.13 (c), (f),
(i), (l)) shows the spectrograms obtained for each scenario.

Figure 4.12: The characterization of the Thulium amplifier seeded by ANDi-
SC using SHG FROG: (a) FROG-retrieved temporal intensity (black) and
temporal phase profile (red); (b) FROG-retrieved spectral intensity (blue) and
spectral phase profile (red); (c) Measured and retrieved FROG trace.

4.3.3 Relative intensity noise
The RIN measurements were performed following the procedure described in Section

2.7, Chapter 2 and illustrated in Figure 2.32. The measured signals were first detected by a
low-noise photodiode (Thorlabs PDA10D2). Then, they were recorded by the oscilloscope
(Rohde-Schwarz RTA4000). The value of the signal was maintained at the level of 1 V to
avoid detector saturation. Next, each recorded trace is used in postprocessing: computer
calculations transform the signals to the frequency domain by using Fourier transformation
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Figure 4.13: The characterization of the Thulium amplifier seeded by solitons
centered at 1870,1950, 1970, and 1994 nm; (a), (d), (g), and (j) FROG-retrieved
temporal intensity (black) and temporal phase profile (red); (b), (e), (h), and
(k) FROG-retrieved spectral intensity (blue) and spectral phase profile (red);
(c), (f), (i), and (l) measured and retrieved FROG traces.

and the normalization by the mean value is performed. To increase the resolution of the
amplitude, an oversampling method has been applied together with digital filtering by
adding an anti-aliasing filter at the oscilloscope input. We also performed the averaging
on 500 traces to reduce the noise. It needs to be pointed out that this procedure does not
decrease the RIN peaks in the signal, it only makes it less noisy so that the individual
peaks are more apparent in the signal. The results of the calculation establish the power
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spectral density (PSD) of the signal over the frequency range of 10 Hz-500 kHz. The
last step was to calculate the integrated RIN rms by integrating the PSD over the given
frequency range. The procedure was performed for the femtosecond laser operating at
1550 nm, the outputs of both nonlinear fibers and the amplifier seeded by ANDi-SC and
Raman solitons centred at a few chosen operating wavelengths. We also tested both CW
pumping sources: the 980 nm CW laser diode that was used to pump the seed laser, and
the 1550 nm CW pump laser used in the amplifier.

The results of the RIN measurements are presented in Figure 4.14 and Figure 4.15.
Figure 4.14 (a) demonstrates the RIN expressed in [dBc/Hz] of the seed source and the
nonlinear effects. Figure 4.14 (c) presents the results for the amplification stage. Figures
(b) and (d) depict the integrated RIN of the corresponding sources. It can be noticed that
the RIN of the 1550 nm femtosecond laser is close to the noise floor. The integrated RIN
of this source amounts to 0.022%. The rms RIN values for the solitons are between 0.023%
for the soliton centred at 1870 nm and 0.077% for the soliton at 1930 nm. The RIN of the
ANDi-SC is 0.058%. These results show that the solitons can in fact outperform not only
the ANDi-SC but also the results given in the literature (0.045% achieved by Rampur et al.
in [168]). The results obtained for the Thulium amplifier together with the amplifier pump
are presented in Figures 4.14 (c) and (d). The results for the ANDi-SC are comparable to
the soliton centred at the same wavelength (1870 nm): the integrated RIN amounts to
0.128% for the SC and 0.153% for the soliton. The highest value of the integrated RIN is
associated with the soliton centred at 1950 nm, the value reached 0.284%. These values are
comparable to other amplifier sources reported in the literature (0.047 - 0.7 %). However,
it needs to be emphasized that the Thulium amplifier was not specifically optimized for
low-noise operation. In fact, the aim of this experiment was to compare different seedings
for Tm-doped amplifier in terms of intensity noise under the same conditions. All the
integrated RIN measures in this experiment are gathered in Table 4.2.

Table 4.2: Results of the integrated RIN.

Source integrated RIN [%]
Femtosecond 1550 nm laser 0.022

ANDi-SC 0.058
Soliton 1870 nm 0.023
Soliton 1910 nm 0.024
Soliton 1930 nm 0.077
Soliton 1950 nm 0.033
Soliton 1970 nm 0.059

Amplified ANDi-SC 0.128
Amplified soliton 1870 nm 0.153
Amplified soliton 1950 nm 0.284

It has already been mentioned in this Chapter that the integrated RIN is a useful
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Figure 4.14: Relative intensity noise characterization: (a) RIN results for
the 1550 nm femtosecond laser, ANDi-SC and solitons centred at 1870, 1910,
1930, 1950 and 1970 nm; (b) integrated RIN for 1550 nm femtosecond laser,
ANDi-SC and solitons; (c) RIN results for the Thulium amplifier seeded by
ANDi-SC and solitons centred at 1870 and 1950 nm and the 1565 nm CW
fiber laser pump; (d) integrated RIN for the amplified solitons and SC, and
the 1565 nm CW pump.

parameter to compare the results for different sources. However, to understand the possible
origins of the source, one needs to concentrate on the analysis of the RIN variation over the
frequency range which is presented in Figures 4.14 (a) and (c). The noise peaks < 1 kHz,
which are visible in all traces, can be related to the free-space coupling of the light to the
nonlinear fibers. Since the diameter of both fibers is very small, all thermal disturbances
might cause intensity variation. One can also notice peaks in the regions of 100 Hz-1 kHz
and 3 kHz to 100 kHz. These peaks appear in the trace of the 1550 nm femtosecond laser
and are transferred to all the signals and are also amplified in the amplification stage. To
verify the origins of that noise we measured the intensity noise of the 980 nm CW laser
diode pump, which is used to pump the oscillator in the 1550 nm femtosecond source. The
results are presented in Figure 4.15. It can be noticed that the noise peaks in the 1550 nm
laser source RIN highly resemble the noise peaks from the 980 nm seed pump which are
mainly caused by the laser diode driver. Probably, these noise peaks (in the regions of
100 Hz-1 kHz and 3 kHz-100 kHz) are first suppressed in the 1550 nm laser due to the
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mode-locking operation and then transferred to next stages of the setup. Eventually, they
are amplified in the Thulium amplifier. It was expected that the amplifier would provide
the additional noise to the setup and looking at the results, the contribution of the noise
in the traces of the amplified sources also comes from the 1565 nm CW pump.

The other feature that can raise questions is a difference in the intensity noise levels
for solitons centred at different operating wavelengths. This behaviour has already been
observed in [105] and is reported to be a consequence of the complex dynamics of the
soliton propagation in the microstructured silica fibers. Also, there are other factors that
can contribute to that. The detector responsitivity can be different for different signal
wavelengths. However, the maximal variation in the responsitivity for different operating
wavelengths is 7.8% at maximum, therefore, it should not cause such a discrepancy in the
signal. Another factor is the gain profile of the Tm-doped fiber in the amplifier setup. It
would explain the fact that the highest amplified soliton (at 1950 nm) also exhibits the
highest intensity noise.

Figure 4.15: Intensity noise results measured for the 980 nm CW laser diode
compared to the 1550 nm femtosecond source RIN.

Nevertheless, the results show that both the nonlinear processes: the ANDi-SC and
the SSFS, exhibit comparable intensity noise before and after the amplification stage.
The experiment confirmed that both nonlinear processes could be used as low-noise seed
sources for Thulium-doped fiber amplifiers. The results obtained in this experiment have
been gathered together with the outcomes from different laser systems based on nonlinear
effects from the literature in Table 4.3. The amplifier setup can be adjusted specially for
low noise performance reaching amounts of integrated RIN as low as 0.047%. However, as
it was already mentioned, this was beyond the scope of this experiment.
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Table 4.3: Results of the RIN for different laser systems from the literature.

Laser system RIN [%] Frequency range Reference
High power frequency comb
seeded by SSFS 0.3 1 Hz - 10 MHz [164]

Tm/Ho-doped fiber amplifier
seeded by SSFS 0.6 1 Hz - 10 MHz [165]

Tm/Ho co-doped fiber amplifier
based on ANDi-SC 0.07 10 Hz - 20 MHz [169]

TDFA seeded by ANDi-SC 0.047 10 Hz - 20 MHz [168]
TDFA seeded by SSFS 0.153 10 Hz - 500 kHz this work
TDFA seeded by ANDi-SC 0.128 10 Hz - 500 kHz this work

4.4 Conclusions
In this Chapter, a complete characterization of two different phenomena: SSFS and

ANDi-SC has been presented. A comparative study on the seed sources for Thulium-doped
fiber amplifiers based on ANDi-SC and SSFS in terms of noise performance has been
conducted. A full analysis, including pulse-to-pulse coherence measurement, DFT, SHG-
FROG and relative intensity noise, has been performed on both nonlinear effects in the
same environmental conditions. Pulses generated in both configurations are characterized
by a high degree of coherence, stability of the generated pulses and low-noise performance,
however, with slightly better noise properties for the SSFS effect. Also, ANDi-SC and
frequency-tunable Raman solitons are suitable as seeding for low-noise Tm-doped fiber
amplifiers. To summarize, the SSFS effect, despite generation in anomalous-dispersion
fiber, offers as high or even higher low-noise properties, such as stability, low intensity
noise and high coherence, as the ANDi-SC, which proves the thesis.
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Chapter 5

Spectral compression and
amplification of the frequency-shifted
solitons

5.1 Introduction
Narrow linewidth laser sources with high brightness have attracted attention due

to their potential applications in nonlinear metrology, optical communication, coherent
spectroscopy and Optical Coherence Tomography (OCT). With additional tunability
possibility, they can be utilized for so-called swept-source OCT (SS-OCT) as they offer a
broad spectral range with rapid tuning and narrow instantaneous linewidth. The OCT,
which has emerged as a minimally-invasive method for cross-sectional imaging of biological
tissues [171], has been widely examined for its applications in medicine and biology. There
is, however, several requirements for the swept-source that is suitable for OCT. It has to
be characterized with sufficiently narrow linewidth to provide a proper ranging depth of a
few millimetres. Also, the sweep ranges of tens to 100 nm are desirable to ensure high axial
resolution. First SS-OCT sources were based on semiconductor-optical amplifiers (SOAs)
[65, 172], which covered a wide band but were relatively slow, with the sweeping rates up
to kHz. Later, the Fourier-domain mode-locking (FDML) lasers were introduced, offering
sweep as fast as 300 kHz and 100 nm tuning range [66]. The FDMLs have dominated the
area of the light sources for the SS-OCT, however, being limited to the 1300 nm spectral
window. Recently, the 1700 nm bandwidth has emerged as promising for biomedical
imaging as it offers lower scattering in tissue and increased penetration depth [67–69, 173].
Figure 5.1 presents the effects of scattering and absorption in a biological tissue showing
that 1.8 times more photons reach 1 mm depth with the use of a 1700 nm spectral window
compared to the 1300 nm [173]. Regions shaded in orange demonstrate areas where at least
50% of photons are absorbed. The 1700 nm spectral range has already been successfully
used for biological imaging, specifically for deep tissue imaging of a mouse brain [67].

Nevertheless, the standard technical problem with this spectral range is that the 1700
nm wavelength falls in a gap between available active media, between Erbium, Thulium
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and Holmium. As a solution to this, nonlinear effects can be employed to allow for a
spectral shift from 1500 nm using widely available and relatively cheap Erbium-doped laser
and anomalous dispersion fibers. However, the tunable pulses that are generated utilizing
the nonlinear effects usually are characterized by broad spectra, even > 30 nm [64, 174],
as shown in Chapter 3. Therefore these methods, in order to be employed as sources for
SS-OCT, must also provide spectral compression of these solitons to the linewidths even
below 1 nm.

Figure 5.1: Effects of scattering and absorption in biological tissue: photon
fraction at a 1 mm depth (black line), calculated percentage od absorbed
photons (red line), taken from [173]. Orange-shaded regiones demonstrate
areas where 50% and more photons are absorbed.

In this chapter, the fundamentals of spectral compression technique are going to be
explained. The Author performed a comprehensive numerical analysis of the investigated
effect, demonstrating that with the use of comb-profile fiber (CPF) it is possible to
spectrally narrow optical pulses from the initial 15 nm to the level below 1 nm. The
experiment employing nonlinear effects together with spectral compression technique in an
all-fiber setup is going to be demonstrated. The results of this work have been published
by the Author in [175].

5.2 Spectral compression technique
The concept of the spectral compression phenomenon has been recently analyzed

experimentally [176–180] as well as numerically [181–183]. It has been reported that the
self-phase modulation (SPM) effect with proper initial conditions can lead to pulse spectral
narrowing [54, 184]. The SPM has already been briefly described by the Author in Chapter
1. It is a nonlinear phenomenon usually responsible for pulse spectral broadening (and,
hence, temporal compression), and widely utilized in all-fiber CPA systems to compensate
dispersion of the fiber during an ultrashort laser pulse propagation. Indeed, the SPM’s
role is to redistribute the energy to the pulse’s spectral components as a consequence
of intensity-dependent nonlinear phase shift φNL. Because the nonlinear phase shift is
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proportional to the pulse intensity (δω(t) ∝ |E(t)|), it causes a frequency upshift of the
pulse trailing edge (δω(t) > 0) and a downshift of the leading edge (δω(t) < 0). Specifically:

δω(t) = ∂φNL

∂t
∝ |E(t)|2. (5.1)

The behavior of the SPM strictly depends on the pulse’s initial chirp. In case of positive
chirp, the long-wavelength components are on the leading edge, and the short-wavelength
components are on the trailing edge, therefore, the pulse is being broadened. In an
opposite scenario, the long-wavelength components are on the trailing edge, and the
short-wavelength belong to the leading edge. Both short- and long-wavelength components
are shifted towards the centre part of the pulse and the pulse gets spectrally compressed. It
has been reported that proper pre-chirping of the initial pulse results in pulse compression
which is attributed to SPM [184].

The spectral compression effect has been first observed in SMF fiber [176]. Since then,
the realizations in photonic-crystal fibers [177–179, 185] as well as in gain fibers [180, 184]
have been demonstrated. These systems, however, lacked a sufficient tuning possibility
which is crucial for SS-OCT sources. The solution to this problem has been proposed by
Nishizawa et al. in [186]. The approach was to combine the spectral compression effect
with the benefits from the SSFS effect in anomalous dispersion fibers. As a result, the
Authors obtained a widely tunable source in the wavelength range of 1650-1900 nm. The
idea was to provide an ultrashort pulse to a fiber in which dispersion is gradually increased
along the fiber length. This method was called adiabatic soliton spectral compression. It is
based on the soliton concept, which mathematically is referred to as the solution of NLS
equation and, as a result of the nonlinearities/dispersion interplay is described as a wave
packet that maintains its shape with propagation. The soliton order is given [6]:

N2 = γP0T
2
F W HM

3.11|β2|
(5.2)

where γ is fiber nonlinear coefficient, P0 represents a peak power of the input pulse, TFWHM

is pulse duration and the symbol β2 describes the second-order dispersion. When a soliton
with the order N between 0.5 and 1.5 is provided to an optical fiber, it is going to change
its shape to become a fundamental soliton whose order is 1. Therefore, when β2 is linearly
increased with the propagation length, the pulse will get temporally broadened as the
TFWHM also increases. And to maintain the fundamental soliton condition the pulse will
be spectrally compressed.

To provide linearly increased dispersion in the fiber, a new type of fiber has been
proposed. The fiber was based on the CPF technique which was initially used for pulse
compression [187, 188]. In a CPF method, a fiber consists of a chain of alternating two
different types of fibers: a standard telecommunication fiber, SMF and a dispersion-shifted
fiber (DSF). These two fibers are spliced together with proper lengths in a manner that
the average dispersion of a CPF fiber is increasing. Both SMF and DSF are commercially
available for 1550 nm wavelength but their β2 magnitudes differ significantly. As a result,
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the fiber possesses dispersion of a shape as presented in Figure 5.2. When a laser pulse
travels in such fiber it exhibits the influence of the nonlinear effects (mainly the SPM) in
the zero-dispersion part of the CPF and the impact of the dispersion in the other parts.
This method has been also used in [183]. The implementation of the CPF design in the

Figure 5.2: The comblike fiber dispersion profile adapted from [186].

lasers systems allowed for higher values of compression factor, up to 28 for the 1580 nm
wavelength [182] or even 102.8 in the tuning range between 1580-1690 nm [189].

Later on, the spectral compression phenomenon was extensively studied numerically
concentrating on optimizing the spectral compression factor and also lowering the pedestal
components. However, the narrow-linewidth laser systems were still characterized by low
power levels and usually also contained bulk optics. In [175], the Author et al. proposed an
all-fiber narrow-linewidth system in the 1650-1900 nm wavelength range with an additional
amplification stage in the 1700-1900 nm range. In this chapter, the extended version of
the research is presented, which includes not only the model used in the experiment but
also the simulations with the linearly increasing dispersion fiber.

5.3 Numerical model of the spectral compression tech-
nique

The numerical model to simulate the spectral compression phenomenon is based on
the GNLSE (Eq. 2.26) which fundamentals have already been investigated in Chapter 2.
The numerical simulations were performed in two configurations. The first one considered
a situation where a parameter β2 of the dispersion-increasing fiber was gradually increased
along the propagation length. Actually, it is an ideal case as there are no such fibers
currently available on the market. However, the Author believes it provides quite an
important contribution to understanding the phenomenon. The second approach was
to numerically simulate the CPF in a manner it could be later experimentally verified.
This configuration is more complex, as it includes incorporating two different types of
optical fibers. The CPF was combined of segments of SMF and DSF of different lengths
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so that the laser pulse would propagate from one segment to another. Here, the numerical
model was performed in a way that each segment of the fiber (SMF or DSF) served as
a propagation length. This fact made the calculations relatively more time-consuming
compared to the first approach.

5.3.1 Dispersion-increasing fiber at 1730 nm
In this Section, the Author investigates pulse propagation in a dispersion-increasing

fiber at a wavelength of 1730 nm. The initial spectral width of the pulse is 15.6 nm, and
the pulse duration is 200 fs. In this analysis, the following function was used for the
dispersion increasing behaviour, similar to [183]:

β2(x) = β2L − ∆β2

(
L − x

L

)2
, (5.3)

where L represents the length of the fiber, x is the propagation point, β2 is the value
of dispersion at point x, β2L represents the value of dispersion at point x = L and ∆β2

corresponds to the variation of dispersion β2. At 1730 nm wavelength, the magnitude of β2L

was –42 ps2/km and ∆β2 was 21 ps2/km. In this way, the magnitude of the second-order
dispersion in the fiber gradually increases from –42 to –21 ps2/km. The value of the
third-order dispersion was 0.02 ps3/km and the MFD (mode field diameter) was 11 µm.
The magnitude of the nonlinear coefficient was 3.5 W−1km−1 [182]. Figure 5.3 illustrates
a variation of pulse parameters in the 500 m length of the dispersion-increasing fiber
with linearly varied dispersion. The initial pulse was adjusted to reflect the experiment,
therefore, the input pulse duration is 200 fs and the initial spectrum width is 15.6 nm.

The results of the output spectrum compared to the initial pulse are presented in
Figure 5.3 (a). The input and output temporal shapes are gathered in Figure 5.3 (b). It is
observed that the pulse gets compressed to the level of 0.6 nm. The temporal duration
of the pulse after 500 m of the CPF is 5.5 ps. Figure 5.3 (c) demonstrates the variation
of the second-order dispersion and pulse spectral width in the fiber. The magnitude of
β2 is almost linearly increased along the fiber length and the spectral width gradually
decreases to the level below 1 nm. The variation of the soliton order, N, and the pulse’s
temporal width are shown in Figure 5.3 (d). The soliton order is increased in the first 50
m of the fiber to the magnitude of 5.5 and then decreases gradually to the level of 0.9.
The temporal duration of the pulse is gradually increased with the fiber length.

The simulations performed for this case confirm that the non-constant fiber dispersion
can lead to spectral compression of a pulse propagating inside such fiber. The compression
factor is as high as 26 and the results are promising, however, in this case there are no
fiber splices which would provide additional loss.
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Figure 5.3: Variation of the pulse parameters inside the dispersion-increasing
fiber: (a) input and output spectra of the pulse; (b) input and output pulse
temporal profiles; (c) evolution of the pulse spectral width; (d) evolution of
the soliton order and the pulse’s temporal width.

5.3.2 Original comb-profile dispersion model
Since an optical fiber of dispersion profile presented in the previous Section does not

exist, the dispersion-increasing fiber needs to be obtained in a different way. Based on
other studies [183, 186], such a fiber can be combined of two types of fibers: SMF and
DSF. Both these fibers are characterized by different second-order dispersion profiles. The
value of β2 for the SMF fiber at 1730 nm wavelength is -42 ps2/km and for the DSF is
-21 ps2/km at the same wavelength. Both dispersion values are taken from dispersion
measurements. By properly adjusting each segments’ length of either SMF or DSF, one
can achieve the required comb-profile of the average dispersion β2, which would ensure the
spectral compression of the input pulses.

The general simulation model of the spectral compression technique provided by the
CPF is demonstrated in Figure 5.4. The initial pulse with a relatively wide spectrum
(10-20 nm) enters the CPF which consists of several segments of SMF and DSF spliced
alternatively. A proper structure of the CPF should result in a narrow-linewidth output
spectrum.

To obtain a desired results, several configurations of different CPF structures were
tested. The simulations were performed with 4096 computational points. The initial time
duration of the soliton was 200 fs and the pulse bandwidth was 15.6 nm. The nonlinear
coefficient was equal to 3.5 (W · km)−1 and was constant along the fiber length. The MFD
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values were equal 11 and 8.5 µm for the SMF and DSF fibers, respectively.

Figure 5.4: Schematic illustration of the simulation model for the pulse
spectrum compression in the CPF.

Five examples of the CPF configuration are listed in Table 5.1. In each case, the
simulation model starts with a segment of DSF which is spliced to an SMF, and so on.
The results are demonstrated in Figure 5.5 and include the average and actual dispersion
profile of the corresponding CPF model (left column) and output spectrum at the CPF
end (right column). First configuration that was tested, assumes five segments of DSF and
five segments of SMF, all of the same length: 10 m. The total length of the CPF is in this
case 100 m. It is clear that such a configuration does not provide a comb-profile dispersion,
however, there is still slight compression of the output spectrum: down to 11.5 nm. In the
second approach, the DSF’s segment lengths are decreasing, and SMF’s are increasing,
which significantly improves the results since the output pulse gets spectrally narrowed
to 3.1 nm. In this scenario, the average dispersion reaches -35.1 ps2/km after 102 m of
propagation. Next configuration (3) maintains the same lengths of DSF segments while
slightly increasing the middle segments of the SMF. The total length of the CPF, in this
case, is 123 m and the average dispersion amounts to -33.2 ps2/km at the fiber end. The
output pulse is a little bit more compressed, the linewidth is 2.9 nm. In the next approach
(4), the Author decided to increase all segments’ lengths, especially the final segments of
the SMF. This way, the total CPF length is 270 m and the average dispersion reaches 36.7
ps2/km at the CPF length. The linewidth of the output spectrum gets compressed to 1.9
nm.

Table 5.1: Five configurations of simulated CPF setup with varying lengths
of SMF and DSF segments.

Configuration
no.

Length of corresponding type of fiber: SMF or DSF

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

1 10 10 10 10 10 10 10 10 10 10
2 10 1 8 1 6 5 4 15 2 50
3 10 1 10 4 10 10 10 20 10 50
4 20 1 18 5 10 25 6 75 10 100
5 20 1 18 5 18 10 10 25 5 60 6 75 10 120
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Figure 5.5: Simulation results for different configurations of SMF/DSF:
actual and average dispersion profiles and output spectra of the compressed
pulses.

Increasing the number of segments and the SMF lengths in the last configuration
(5) results in achieving average dispersion of a magnitude of 37.5 ps2/km after 413 m of
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propagation and narrowing the output pulse spectrum to 1.3 nm. Therefore, the results
presented above indicate that both increasing the total length of the CPF and increasing
the number of segments lead to spectral narrowing of the propagating pulse. Also, the final
segments of the SMF should be much longer, so that the average dispersion could reach a
value close to β2 of SMF. As a result of numerous simulations with various configurations,
the optimal CPF structure was found. The exact lengths of each DSF/SMF segment are
gathered in Table 5.2.

Table 5.2: Lengths of each segment of dispersion-shifted fiber (DSF) spliced
with single-mode fiber (SMF).

Fiber
type D

SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

D
SF

SM
F

Lengths
[m] 20 1 18 3 20 8 22 25 3 60 2 60 10 70 10 180 10 300

The total length of the CPF was 822 m. The resulting dispersion profile of the CPF is
presented in Figure 5.6. The lengths of the SMF segments increased along the fiber length,
which resulted in the comb-profile shape of the average dispersion profile. Therefore, the
average dispersion β2 starts from the value of -21 ps2/km and after 822 m of fiber length
reaches the magnitude of -38.95 ps2/km.

Figure 5.6: Actual and average dispersion profiles in the CPF.

The simulated propagation of the soliton pulse spectrum inside the CPF fiber is
presented in Figure 5.7 a). The calculated soliton centred at 1730 nm was compressed
inside the CPF from the initial 15.6 nm to the spectral width of 0.6 nm which corresponds to
the compression factor of 26. Along with the propagation, the pulse acquires sidelobes that
are, however, minimized in the end of the fiber length. Figure 5.7 (a) also directly indicates
the exponential decrease in the spectral width compression, which effects gradually become
more stagnant with the increase of the propagation length. The pulse temporal evolution
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inside the CPF is presented in Figure 5.7 (b). As the pulse gets spectrally compressed,
its temporal duration increases. After some distortions between 100 and 200 m, when
the pulse’s temporal shape loses its quality, it regains the smooth shape and gradually
broadens to the fiber end.

Figure 5.7: Evolution of the spectrum (a) and the temporal shape (b) of an
optical soliton operating at 1730 nm propagating inside the CPF.

The comprehensive characteristics of the pulse propagation inside the CPF for the
optical soliton operating at 1730 nm are demonstrated in Figure 5.8. The input and
output spectra are presented in Figure 5.8 (a). The temporal profiles of the input and
output pulse are depicted in Figure 5.8 (b). Figure 5.8 (c) shows the variation of the
spectral width as a function of the fiber length. This picture illustrates the variation of
the spectral width more completely compared to the previous example given by Figure
5.7. It can be noticed that apart from a small increase at around 100 m of propagation,
the spectral width decreases gradually with the fiber length. In Figure 5.8 (d) the soliton
order and the soliton temporal width are depicted as a function of the fiber length. The
final magnitude of the soliton order reaches 0.95 and the temporal duration of the pulse
after some perturbations is increased to the value of 7.52 ps. Both parameters exhibit
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Chapter 5. Spectral compression and amplification of the frequency-shifted solitons

strong variations in the initial propagation of 150 m. This behaviour may indicate that
the effects could be more optimized. These variations in both parameters: soliton order
and pulse’s temporal duration are more precisely depicted in Figure 5.8 (e) and (f), where
the functions of these parameters as a fiber length are presented with the limit to the first
150 m of propagation.

Figure 5.8: Variation of the pulse parameters inside the CPF; (a) input and
output spectra of the pulse; (b) input and output pulse temporal profiles; (c)
evolution of the pulse spectral width; (d) evolution of the soliton order, N, and
the pulse’s temporal width; (e) evolution of the N together with the actual
dispersion profile β2 for the 150 m of propagation; (f) evolution of the pulse’s
temporal width together with the actual dispersion profile β2 for the 150 m of
propagation.

It has already been mentioned that one of the effects that play the biggest role in this
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5.4. Narrow linewidth laser source. Experimental results.

phenomenon is SPM. And if so, the process should be crucially dependent on the pulse
peak power. In Figure 5.9, the impact of the peak power on the pulse spectral width
is being investigated. It can be observed how vital is a proper adjustment of the peak
power on the efficiency of the process. With the increase of the peak power, the pulse gets
spectrally narrowed until the magnitude of 170 W. When the value of the peak power is
above the optimal, the pulse exhibits Raman gain and the quality of the spectrum become
diminished.

Figure 5.9: Simulation of the pulse spectrum for the values of the peak
power varying from 1 W to 190 W.

5.4 Narrow linewidth laser source. Experimental re-
sults.

Based on the numerical results, the Author implemented the CPF in the experiment
with the femtosecond laser source. The schematic illustration of the source is presented in
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Figure 5.10. The entire setup was built in the all-fiber regime, therefore, no bulk optics
was used. All splices were done with the use of a standard arc fusion splicer (Fujikura FSM
100P+). The ultrashort pulses are generated in an Erbium-doped oscillator that emits 300
fs pulses of 7 mW average optical power at a 50 MHz repetition rate. The oscillator was
built in our lab and it employs the SESAM saturable absorber to obtain the mode-locking
regime.

Figure 5.10: The schematic of the experimental setup for the investigation
of the spectral compression effect. WDM: wavelength division multiplexer;
EDF: Erbium-doped fiber; PBC: polarization beam combiner; HNLF: highly-
nonlinear fiber; SMF: single-mode fiber; DSF: dispersion-shifted fiber; TDF:
Thulium-doped fiber.

The ultrashort laser pulses from the oscillator are then amplified in an Erbium-doped
fiber amplifier which was built in the CPA technique. In such a fiber amplifier, pulses
are first stretched temporally in a normal-dispersion fiber, then they are amplified and
eventually compressed in a fiber with anomalous dispersion. The normal dispersion fiber
was a 130 cm-long Erbium-doped fiber (EDF, nLight Liekki Er80-4/125-PM-HD) which
was pumped with two 1 W 980 nm pumps provided via polarization beam combiner (PBC).
The last part of the seed laser was a 77 cm-long PM standard single-mode fiber (Coherent
PM-1550 XP) which, due to its anomalous dispersion profile, served as a pulse compressor.
The laser pulses were compressed to the duration of 42 fs and reached 249 mW average
optical power which corresponded to 121 kW of peak power and 5.8 nJ energy. The
autocorrelation of the laser pulse together with the sech2-shaped fit is presented in Figure
5.11 (a). The optical spectrum is depicted in Figure 5.11 (b), indicating that the output
pulses from the laser source possessed a spectrum of 131 nm bandwidth.

The amplified pulses were later provided to a 44 m of PM-SMF which allowed for SSFS
in the range of up to 1920 nm. The spectral widths of the solitons were in the range of
14.9–16.2 nm wavelength. The spectra of the tunable solitons are presented in Figure 5.12
(a). The modulations in the spectra that can be observable for solitons between 1.80-1.95
µm are related to water absorption. The power levels stored in the solitons were measured
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5.4. Narrow linewidth laser source. Experimental results.

Figure 5.11: The autocorrelation (a) and the optical spectrum (b) of the
laser pulse.

with the thermal power meter (Thorlabs PM400) and the bandpass filter with a 1750-2250
nm transmission band (Thorlabs FB2000). The power levels measured after the filter were
in the range of 20.5-40.3 mW for the solitons in the wavelength range 1790-1920 nm. The
tunable pulses were then directly provided to the CPF which was adapted according to the
numerical model presented in Section 5.3. The total length of the CPF was 822 m, and its
average dispersion profile resembles the profile of the numerically designed fiber. The CPF
allowed for spectral compression of the pulses in the wavelength range of 1622 to 1900 nm.
The spectral widths levels were 0.43-1.11 nm and the corresponding compression factor
was in the range of 37.2-13.5. The compression factor of 37.2 is the highest obtained result
for this wavelength range (compared to 25.6 in [190]). The spectra of the compressed
solitons are depicted in Figure 5.12 (b).

Figure 5.12: Optical spectra of the tunable solitons generated in PM-SMF
with the optical powers stored in the solitons (a); optical spectra after spectral
compression in the CPF (b).

Due to the fact that the spectral compression effect is a result of both dispersion and
SPM, it is mainly dependent on the peak power of the pulse. If the peak power is too
high it would result in the Raman gain and the pulse spectrum would be destroyed. Pulse
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power management has usually been done by providing a variable attenuator together
with a low-pass filter [183, 186]. However, to maintain the system in the all-fiber regime
we proposed an attenuated splice that decreased the power of the broad solitons. The
splice loss was adjusted and reached 3 dB. It enabled for effective spectral compression in
the CPF.

The design of the CPF was based on the numerical model, therefore to compare the
experimental and simulated results, three compressed pulses at wavelengths: 1682, 1730
and 1839 nm have been compared and presented in Figure 5.13. The results show excellent
agreement of the simulations and the experiments. It is observed that for the solitons
1682 and 1730 nm, the experimental spectra feature a slightly higher pedestal than the
modelled CPF.

Figure 5.13: The simulated and experimental spectra for three different
soliton wavelengths: 1682 nm, 1730 nm and 1839 nm.

5.4.1 Short-wavelength Tm-doped fiber amplifier.
Sweep-sources for OCT are often limited when it comes to optical power levels. Biomed-

ical applications usually do not require high-power lasers, however, the laser setups for the
actual biomedical measurements (e.g. OCT) utilize components such as optical couplers,
filters, beam splitters, and many others that would reduce the actual output power of
the laser system. Therefore, it would be reasonable to initially amplify the output pulses.
The wavelength range of the swept-source presented in the previous section lays within a
spectral range covered by the Thulium-doped fibers, however, it is on the edge of it. A
short wavelength operation of Tm-doped amplifiers has already been reported [191–193].

The compressed pulses were eventually amplified in the Tm-doped fiber amplifier
pumped by a 1565 nm pumping laser. The pump power was provided by two wavelength-
division multiplexers (WDM), adjusted for 1750 nm wavelength, to the 1 m of Thulium-
doped fiber (TDF, OFS TmDF200). The utilization of these two WDMs together with
implementing a short segment of TDF allows for amplification of the signal at such short
wavelength range. The spectra of the compressed pulses before and after the amplification
stage are presented in Figure 5.14 (a). A small mismatch in the central wavelength is
observed for solitons above and below ≈1800 nm. This effect is a result of a gain-pulling
towards the center of the emission gain bandwidth of the Tm-doped fiber amplifier, for
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which the gain peak is near 1770 nm. The maximum average optical powers obtained for
different solitons are depicted in Figure 5.14 (b). The source reached maximum average
power of 446 mW at a 1770 nm wavelength. With the use of WDMs adjusted for a 1750
nm wavelength it was possible to amplify such short wavelength signal in the Tm-doped
fiber amplifier. Comparing our design to the similar systems in the literature we can
notice the simplicity of our approach. Other proposals include either inducing a segment
of Holmium-doped fiber or custom-made fiber components that are not commercially
available.

Figure 5.14: Spectra of the compressed solitons before and after amplification
(a); maximum output power levels achieved for amplification of the compressed
solitons for the wavelength range of 1669-1860 nm

5.5 Conclusions
In this Chapter, a narrow-linewidth laser source has been presented and characterized.

A comprehensive numerical analysis of the spectral compression phenomenon in an optical
fiber with dispersion varying along the length has been performed. Then, the experiment
that was conducted by implementing numerically designed comb-profile fiber has been
described and the experimental results have been discussed. The laser system provided
optical pulses tunable in the wavelength range of 1622-1900 nm compressed to the level of
0.43-1.11 nm. The maximal compression factor was 37.2 which is the highest achieved result
within this tuning range. The compressed pulses were then provided to the Tm-doped
fiber amplifier adjusted for the short wavelength range. The amplified pulses achieved
maximal optical power of 446 mW. The laser source was entirely all-fiber, with narrow
linewidth and sufficient power to be used as a swept-source for applications such as OCT.
The results of this experiment have been published by the Author in [175].
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Chapter 6

Conclusions

The subject of this dissertation was a study of nonlinear effects that lead to spectral
conversion in nonlinear silica fibers. The thesis was that the optical solitons generated
through SSFS effect in microstructured silica fibers with anomalous dispersion regime
possess as good noise properties as the supercontinuum generated in a microstructured
fiber with a normal dispersion profile, and that the SSFS effect can lead to a generation
of narrow-linewidth frequency-shifted solitons. The dissertation consists of 6 Chapters,
among which one contains theoretical information and simulations, and three of them
describe the experimental work.

Chapter 2 provides theoretical information on pulse propagation inside an optical fiber.
The dispersion and nonlinear effects that play the most important role in affecting the pulse
inside the optical fiber were discussed. The formation of optical solitons was described.
The Author presented a full characterization of the microstructured fibers, including
their design and properties. The simulation of the SSFS effect and supercontinuum in
a MOF was presented. Also, the description of the numerical method used for pulse
propagation modelling was given. Lastly, a few methods that are used for characterizing
pulse properties were given and discussed.

In Chapter 3 results of SSFS effect generated in a microstructured silica fiber for two
pumping sources are presented. In the experiment, two laser sources are used: Ytterbium-
doped fiber laser operating at 1.06 µm and Erbium-doped fiber laser that emitted pulses
at 1.56 µm. The full characterization of the fequency-shifted solitons is demonstrated.
The optical solitons generated in the MOF are widely tunable and of a high degree of
coherence and birefringence.

Chapter 4 describes the study of two nonlinear effects SSFS and ANDi-SC used as
seedings for Tm-doped fiber amplifier. The study concentrates on the noise dynamics inside
the nonlinear fibers possessing opposite signs of dispersion. The comprehensive analysis,
that was performed, includes coherence measurement, dispersive Fourier transform, and
intensity noise, and the results are discussed. Eventually, the Tm-doped fiber amplifier
is presented, seeded by both nonlinear effects and the outcome pulses are compared for
both configurations in terms of relative intensity noise, spectral and temporal phase. The
amplified pulses are of 80 fs duration and 405 mW average maximal optical power for

100



SSFS seeding and 92 fs and 350 mW average optical power for ANDi-SC seeding.
Chapter 5 provides insight to the spectral compression phenomenon that can occur in

an optical fiber with varying dispersion profile. A numerical analysis of the subject is per-
formed, including the case, where the fiber possesses a linearly-varying dispersion, and the
simulation of the original comb-profile fiber that is later used in the experiment. The laser
setup generating spectrally-compressed optical solitons with the tuning possibility in the
1622-1900 nm wavelength range is demonstrated. The optical solitons are compressed from
the initial 14.9–16.2 nm to the linewidths of 0.43–1.11 nm. The additional amplification
stage is added to obtain output pulses at power levels sufficient for later applications. The
Thulium-doped fiber amplifier is adjusted for 1750 nm so that within the short-wavelength
range it was possible to amplify the spectrally-compressed pulses up to 400 mW.

All the thesis goals have been accomplished. The results presented in Chapter 4
confirm the thesis that optical solitons generated in an anomalous dispersion regime
can exhibit low-noise properties which are comparable or even of higher quality than
the supercontinuum produced in the normal dispersion fiber. Additionally, Chapter 5
demonstrates that optical solitons can be used for the generation of narrow-linewidth
pulses. By implementing a dispersion-varying fiber the optical solitons can be successfully
spectrally compressed to the level < 1 nm.

The most important research achievements are summarized below:

• Comparative study on the nonlinear effects in air-silica microstructured fibers: SSFS
and ANDi-SC in terms of noise properties including: coherence, shot-to-shot stability,
spectral and temporal phase analysis, and intensity noise.

• An assembly of the Tm-doped fiber amplifier seeded by SSFS and ANDi-SC.

• Realization of a numerical model of the spectral compression effect in a fiber with
comb-like dispersion profile.

• Realization of the narrow-linewidth laser source tunable in the wavelength range of
1620-1900 nm

• An assembly of the Tm-doped fiber amplifier adjusted for short wavelength opeartion
(1650-1900 nm)

The Author currently continues the study on the spectral compression phenomenon
that was demonstrated in this dissertation. The research concentrates on adjusting the
narrow-linewidth source for OCT measurements by adding the electro-optical modulator
to the setup and the analysis of the rapidly swept narrow line with the use of a Fourier
transform spectrometer. The Author also plans to conduct research on the spectral
conversion process in fluoride fibers when pumped with a 2 µm pumping laser.
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Streszczenie

Konwersja spektralna, która występuje w światłowodach nieliniowych przy zapom-
powaniu ich laserowym źródłem impulsowym, to technika pozwalająca na generację
promieniowania poza dostępnymi ośrodkami wzmacniającymi (takimi jak Iterb, Erb, Tul
i Holm). Efekty nieliniowe, jakie wtedy występują, w połączeniu z laserami erbowymi
lub iterbowymi, mogą zostać wykorzystane do budowy źródeł pracujących w zakresach
spektralnych 1300 nm lub 1700 nm, które są w szczególnym zainteresowaniu obrazowania
biomedycznego.

Praca rozpoczyna się od wprowadzenia teoretycznego. Zaprezentowane zostały efekty
nieliniowe występujące w światłowodach, które mają wpływ na propagujący impuls laserowy.
Opisano efekty dyspersji oraz nieliniowości, które mogą wystąpić dla dużych natężeń
wprowadzanych impulsów. Została przedstawiona i opisana struktura włókna mikrostruk-
turalnego oraz symulacje efektów nieliniowych, takich jak samo-przesunięcie częstotliwości
solitonu (SSFS) i superkontinuum w tego rodzaju włóknie. Część teoretyczną zamyka opis
technik służących charakteryzacji krótkich impulsów laserowych, takich jak dyspersyjna
transformata Fouriera, pomiar koherencji, pomiar metodą FROG oraz analiza szumów
amplitudowych.

W ramach pracy badawczej zostały opracowane liczne symulacje numeryczne celem dos-
tosowania parametrów impulsu jak i włókna, i dzięki temu uzyskać generację promieniowa-
nia w wybranym zakresie spektralnym. Trzy rozdziały pracy zostały poświęcone układom
eksperymentalnym, które zostały zaprezentowane i omówione. W pierwszym kroku została
przedstawiona analiza efektu SSFS we włóknie mikrostrukturalnym przy zapompowaniu
laserami pracującymi na różnych długościach fali: erbowym oraz iterbowym. W efekcie
uzyskano generację przestrajalnych solitonów w zakresie długości fali 1,42-1,67 µm dla
lasera iterbowego oraz w zakresie 1,70-1,95 µm dla lasera erbowego. Wygenerowane solitony
charakteryzowały się wysoką koherencją oraz dwójłomnością, co sprawia, że mogą być
wykorzystane w aplikacjach takich jak optyczna tomografia koherencyjna oraz jako źródła
do tulowych lub holmowych wzmacniaczy światłowodowych.

Następny rozdział dotyczył analizy porównawczej efektów nieliniowych: SSFS oraz
superkontinuum wygenerowanych w światłowodach mikrostrukturalnych o różnym reżimie
dyspersji. Została przeprowadzona pełna charakteryzacja impulsów wychodzących z obu
światłowodów, zawierająca pomiar widm optycznych, koherencji, stabilności impulsów
oraz szumów amplitudowych. Otrzymane wyniki wskazują, że impulsy z obu efektów
nieliniowych cechują się bardzo dobrymi parametrami nisko-szumnymi, jak i wysoką
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stabilnością oraz mogą służyć jako źródła do tulowych wzmacniaczy światłowodowych.
Kolejnym eksperymentem opisanym w pracy był efekt kompresji spektralnej we włóknie

o zmiennej dyspersji. Omówiono podstawy teoretyczne techniki kompresji spektralnej oraz
zaprezentowano model numeryczny opracowany na potrzeby układu. Dzięki symulacjom
możliwe było wyznaczenie optymalnej konstrukcji włókna o zmiennej dyspersji, które
później zostało wykorzystane w układzie eksperymentalnym przestrajalnych wąskopas-
mowych solitonów. Uzyskano solitony optyczne przestrajalne w zakresie długości fali
1620-1900 nm o szerokościach linii w zakresie 0,43-1,11 nm. Tak zawężone spektralnie
solitony zostały następnie wzmocnione w tulowym wzmacniaczu światłowodowym, dos-
tosowanym do tego zakresu długości fali, w celu otrzymania mocy impulsów potrzebnych
do późniejszych zastosowań.

Ostatni rozdział zawiera podsumowanie omówionych prac badawczych. Zostały
wymienione autorskie osiągnięcia oraz zaprezentowane dalsze plany naukowe.
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Abstract

Spectral conversion, that can be obtained in nonlinear fibers when pumped with
femtosecond laser sources, is a powerful technique which allows for generation of non-
standard wavelengths outside the available gain media, including Ytterbium, Erbium,
Thulium and Holmium. These nonlinear effects, when combined with Yb- or Er-doped
fiber lasers, can be used either as sources operating in the spectral range of 1300 or 1700 nm
which is of particular interest of biomedical imaging, or as seedings for Tm- or Ho-doped
fiber amplifiers, as an alternative to Tm- or Ho-doped fiber lasers.

The Dissertation begins with the theoretical analysis of different phenomena affecting
an ultrashort pulse propagating in an optical fiber. The impact of dispersion as well as
various nonlinear effects, that can occur for high intensities of the light confined in an
optical fiber, is discussed. The concept of microstructured silica fiber is analyzed and
the simulation examples of soliton self-frequency shift effect (SSFS) and supercontinuum
in such a fiber are given. The theoretical part of the thesis ends with the description of
different methods that are used for characterization of the short pulse, such as dispersive
Fourier transform, pulse-to-pulse coherence, FROG measurement, and intensity noise.

For the purpose of the doctoral thesis, numerous simulations have been performed to
model and adjust both the pulse and the fiber parameters to obtain required spectral
range. Three chapters of the thesis are devoted to experimental setups that have been
demonstrated and discussed. First, the analysis of the SSFS generated in a microstructured
optical fiber for two pumping sources: EDFL and YDFL is presented. Generation of the
SSFS in the range of 1.42-1.67 µm for YDFL pumping and 1.70-1.95 µm for EDFL pumping
has been obtained. The frequency-shifted solitons are highly coherent and birefringent
which makes them suitable to be used in applications such as optical coherence tomography
and as seedings for Tm-doped fiber amplifiers.

The next experiment concentrates on the comparative study of the SSFS and ANDi-SC
effects generated in microstructured optical fibers with opposite dispersion profiles. The
characterization of both phenomena are presented, including measurements of optical
spectra, coherence, shot-to-shot stability, and intensity noise. The results reveal that both
nonlinear effects, despite being generated in fibers with different signs of dispersion, can
feature excellent noise properties. What is more, both effects can successfully be used as
seedings for Tm-doped fiber amplifiers.

The next Chapter covers the analysis of the spectral compression phenomenon in a
dispersion-increasing fiber. The theory of the spectral compression effect is given and
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the numerical simulations are performed leading to finding the optimal structure of the
dispersion-increasing fiber. Such a fiber is used to build a narrow-linewidth laser source
that provides widely tunable optical solitons in the wavelength range of 1620-1900 nm
with linewidths between 0.43-1.11 nm. The spectrally-compressed solitons are eventually
amplified in a Tm-doped fiber amplifier optimized for this wavelength range to obtain
power levels satisfactory for later applications as a swept-source.

The last Chapter contains summary of the performed experimental results. A list of
most important research achievements is provided and the outlook for future plans is
given.
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