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Abstract

In this thesis, three architectures of self-pulsating erbium laser sources are studied. Through
experimental and numerical investigations, the generation of ultrashort and broadband pulses
is enabled. In a first phase, a numerical analysis assesses the pulse ignition and steady-state
operation of self-pulsating sources composed of self-phase modulation spectral broadening and
offset filtering regenerators in closed loop. An experimental setup results from the conclusions of
this analysis, and a multiwavelength source generating aperiodic light pulses in the range of the
picosecond is presented. In a second phase, a new kind of self-pulsating source based on optical
regeneration as well as soliton self-frequency shift is introduced. Via a numerical analysis as well
as direct measurements, the role of modulation instability in the generation of femtosecond pulses
is highlighted. This laser emits bursts of stochastic pulses at the repetition rate of the cavity, and
results on the average in a flat supercontinuum, spreading beyond 1900 nm. Finally, the emission
of pulses in the noiselike regime is studied in two different cavities. Via nonlinear polarization
rotation, pulses spreading over tens of nanometers are generated. By means of stimulated Raman
scattering, the production of noise pulses is demonstrated in the U-band (1625 nm to 1675 nm) and
beyond. The bandwidth of such pulses spreads over 84 nm, from 1616 nm to 1700 nm. These three
sources find applications in low-coherence interferometry for imagery, or the characterization of
components. LIDAR applications for aerosols or distance measurements, as well as spectroscopy

for the detection of chemicals are enabled by such lasers.
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Résumé

Dans cette these, trois architectures de sources laser erbium auto-pulsantes et large bande sont
étudiées. Au travers de ces architectures simulées et réalisées expérimentalement, la génération
d’impulsions ultra courtes et large bande est rendue possible. Dans un premier temps, une analyse
numérique s’intéresse au démarrage et au fonctionnement de sources auto-pulsantes composées
de régénérateurs a étalement spectral par auto-modulation de phase et filtrage décalé, dans une
configuration en boucle fermée. Un montage expérimental découle des conclusions de ces simula-
tions, et une source multi-longueurs d’onde générant des impulsions apériodiques de 1'ordre de
la picoseconde est présentée. Dans un second temps, une nouvelle sorte de source auto-pulsante
basée sur la régénération optique ainsi que 'auto-décalage fréquentiel de soliton est présentée.
Par une analyse numérique ainsi que des mesures directes, le role de 'instabilité de modulation
dans la génération des impulsions femtosecondes est mis en évidence. Ce laser émet des séquences
d’impulsions stochastiques au taux de répétition de la cavité, et dispose en moyenne d’un conti-
nuum plat s’étendant au dela de 1900 nm. Finalement, I’émission d’impulsions en mode “noiselike”
est étudié au travers de deux cavités. Via la rotation nonlinéaire de polarisation, des impulsions
s’étendant sur plusieurs dizaines de nanomeétres sont générées. Grace a ’effet Raman stimulé, la
production d’impulsions de bruit dans la bande U (1625 nm - 1675 nm) et au dela est démon-
trée. La bande passante de ces derniéres peut s’étendre sur 84 nm, entre 1616 nm et 1700 nm. Ces
trois sources trouvent des applications en interférométrie a faible cohérence pour 'imagerie ou
la caractérisation de composants, pour l’estimation de distances ou aérosols dans les applications

LIDAR, ainsi que pour la détection d’éléments chimiques.
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1 CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 On pulsed lasers

The prediction of stimulated emission by Albert Einstein in 1917 has led to the creation of
coherent sources of electromagnetic waves. An experimental confirmation of the existence of
stimulated emission in 1928 by Rudolf Walter Ladenburg constituted the first step to the creation
of microwave amplification by stimulated emission of radiations (MASERs) between 1952 and
1954. The Soviet physicist Nikolay Gennadiyevich Basov shared the 1964 Nobel Prize in Physics
with Alexander Prokhorov and the american physicist Hard Townes for this work. Later, the
american physicists Charles H. Townes and Arthur Leonard Schawlow described the first optical
MASER, called light amplification by stimulated emission of radiation (LASER), which triggered
laser science[1]. The first LASER is attributed to Gordon Gould in 1959, and demonstrated in 1960
by Theodore Maiman. Both were American Physicists.

In parallel, light guiding led to optical fibers, which now forms the backbone of nowadays
optical communication systems. The first experiments of light guiding are reported in 1842 by
the Swiss physicist Jean-Daniel Colladon and independently the French physicist Jacques Babinet:
light guiding was achieved by total internal reflection in a water jet. It is likely, however, that such
light guiding experiments were also performed in ancient times, since transparent glass dates
back to 2500 years B.C. Glass fibers were first developed for their mechanical properties: being
strong and thin, yet elastic; thus enabling the measurement of forces. Total internal reflection in

glass fibers was used for various applications in the 1930s, but it is only in the 1950s that glass
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fiber started to carry information.

In 1966, the French physicist Alfred Kastler was rewarded a Nobel price for his work from 1950
on optical pumping. Through the benefits of this technique and the progress on optical fibers, the
first fiber lasers were presented in 1961. Fabry-Perot and ring architectures led to the design of
lasers at various wavelengths. Modulated lasers also appeared in the 1960s, generating the first
laser pulses, thereby reaching high peak powers or permitting data transmission with a succession
of pulses representing binary zeros and ones.

Fiber lasers proved useful because of their multiple benefits: compactness, cost, ability to
sustain powerful beams of high quality, good heat dissipation, and stability against environmental
disturbances. Among them, several architectures for the creation of pulsed laser appeared, leading
to the generation of pulses in the pico- and femtosecond range. To generate ultrashort pulses,
the most common technique is mode-locking, which is caused by the additive interference of
the cavity longitudinal modes. Triggering pulses in a laser cavity requires favouring the high
intensities rather than the low ones, and this is achieved by the addition of a component featuring
a nonlinear power transfer function. This function is such that the loss experienced by the high
intensity light components is less important than the loss experienced by low intensity ones. By
the Fourier transform properties, ultrashort pulses imply the formation of a broadband spectrum.
With the addition of propagation in nonlinear media, pulses generated by ultrafast lasers are able

to produce light covering a large wavelength range, which enables many applications.

1.1.1 Applications of pulsed lasers

Pulsed lasers have served as research and industrial tools in many domains for the last three
decades. Building an exhaustive list of pulsed laser applications is difficult, but among them one
can mention the following items. In chemistry, ultrafast lasers are used to trigger and monitor
reactions [2]. In biology, two-photon microscopy facilitates the observation of molecules at low
average power, thereby preserving the tissues [3], and imaging by optical coherence tomography
(OCT) permits three-dimensional mapping of tissues, especially useful in ophthalmology. Fre-
quency comb lasers led to the development of all-optical clocks and spectroscopy [4]. Distance
measurement and chemical detection was demonstrated with light radars (LIDARs) [5]. Hole
drilling, and other micro-machining applications have been performed with numerous benefits

compared to other methods, enabling high precision and surface quality [6]. Ultrafast lasers also
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enabled data transmission in our actual telecommunication systems [7]. Finally, energy research
employs ultrafast lasers to trigger and observe nuclear reactions [8]. In Fig. 1.1, the domains of
applications of lasers are indicated for given pulse peak powers and laser average power. Potential
applications of lasers presented in this thesis are by design more likely to be used for biological,

medical or imaging applications.
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Figure 1.1 — Peak power versus average power of several pulsed lasers, and indicative application

areas. (a): [9], (b): [10], (c): [11], (d): [12], (e): [13], (f): [14]. From [15], reproduced with permission.

The work reported in this thesis follows the introduction by Rochette et al. [16] of a new kind
of self-pulsating laser based on a regenerative feedback loop. This new configuration enables the
generation of short pulses by adequately balancing dispersion and nonlinearities, and it is likely
that other cavities including nonlinear wavelength conversion stages may lead other means of
pulse generation. Also, the uncommon pulsed regime of sources based on regeneration and its
high degree of tunability still requires numerical and experimental analysis to fully grasp their
operation, limits and benefits. The different sources presented in this work include that cavity,
and reports other numerical and experimental results on self-pulsating cavities which all feature
a broadband spectrum due to long nonlinear interactions. It is expected that these laser find
applications in sensing as well as imaging, because of their wide bandwidth forming a smooth

continuum instead of discrete spectral lines.
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1.2 Main contributions

In this thesis, new broadband and self-pulsating laser architectures are reported and charac-

terized.

After providing an overview of the concepts required for a good understanding of pulsed
fiber lasers in Chapter 2, we present in Chapter 3 a cross-platform general-purpose processing on
graphics processing units (GPGPU)-enabled software that was developed during this thesis, and

which permits a fast yet accurate modelling of regenerative self-pulsating sources.

In Chapter 4, a numerical analysis focusing on pulse ignition in regenerative sources is pre-
sented. From the conclusions of this set of simulations follows an experimental demonstration of

regenerative sources operating at large filter bandwidths.

Chapter 5 introduces a new kind of broadband self-pulsating laser based on soliton self-
frequency shift (SSFS) and regenerative self-phase modulation (SPM). A numerical model, as
well as experimental results indicate the predominance of modulation instability (MI) in the pulse

ignition process. The source is therefore stochastic, and generates broadband bursts of pulses.

Finally, Chapter 6 presents new results regarding the noise-like pulse (NLP) regime. Ring
cavities including a highly nonlinear chalcogenide or silica fiber are studied. An efficient broadband

and dual-wavelength pulsed laser based on stimulated Raman scattering (SRS) is presented.

Each architecture has a particular behavior, adapted to different applications, which are de-
scribed in the introductory section of each chapter. On top of the fact that the lasers reported in this
thesis are broadband, their respective features include aperiodicity, ultrashort or noiselike pulse
generation, multi-wavelength operation and tunability, depending on the underlying architecture.
These operation regimes are described in Chapter 2. Applications which immediately follow are:
sensing, low-coherence interferometry, communication systems, and chaotic LIDARs[5], among

others.

1.2.1 Comparison with previous work

In this section, the sources developed in this thesis are briefly compared with previous work,

and the contributions made to the three described architectures are highlighted.
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Self-pulsating source based on cascaded SPM-OF regenerators

The initial report on the studied self-pulsating sources was performed at McGill by Rochette et
al. [17] in 2008. This architecture is therefore relatively new, and and was just beginning to be
investigated. Features of these sources are detailed in Chapter 4, and the work presented in this
thesis highlights the operation domains of such sources, suggests and implements modifications
to the architecture in order to sustain short and powerful pulses. The comparison with other
pulsed sources is delicate because the latter do not share all features of regenerative sources based
on SPM spectral broadening and offset filtering (SPM-OF) regenerators. Nevertheless, Chapter 4
presents improvements over the previous demonstration of these sources, increasing their effi-
ciency, simplifying the experimental setup, and diminishing the pulse duration. In terms of pulse
energy, the regenerative stages are inherently limiting, and the output pulses remain two or three

orders of magnitude less energetic than self-similar or stretched pulse lasers.

Self-pulsating source based on regenerative SPM and SSFS
This source features a new design which has similarities with regenerative sources described
above. However, the SSFS and offset filtering stage initiates a different operation regime, and there

is no previous work on the matter.

Self-pulsating noiselike source

Since their initial report in 1997 [18], noiselike pulsed sources have been studied and reported
frequently. Their stochastic behavior was recently confirmed by single-shot spectral measure-
ments [19], and broadband pulses exceeding 100 nm were reported so far [20]. The approach
presented in Chapter 6 does not extend the bandwidth of noiselike pulses beyond that value, but
rather introduces dual-wavelength noiselike pulses initiated by SRS. To date, there was only one
report of dual-wavelength noiselike pulses in the C-band and L-band, with bandwidths under
10 nm. In Chapter 6, dual-wavelength oscillation is reported with a wavelength offset of 100 nm.
An efficient energy transfer from the pump to the first Stokes wavelength enables noiselike pulses
of 84 nm full width at half maximum (FWHM), reaching 1700 nm. Finally, the use of chalcogenide
fiber in the noiselike and solitonic regime is illustrated, and the potential of chalcogenide AssSs

fibers to generate ultrashort pulses at low pump power is investigated.
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Chapter 2
Basic concepts

In this chapter, light propagation in optical fibers including nonlinear effects due to light-
matter interaction are summarized, and illustrated by numerical simulations via the nonlinear
Schrédinger equation (NLSE), which is introduced as well. Most techniques leading to the gener-
ation of ultrashort pulses are presented, with a focus on techniques that are enabled by all-fiber
lasers. Finally, these techniques are classified by some of their output pulse properties, along with

the year of their first demonstration.

2.1 Light propagation in fiber optics

Along with the numerous telecom applications that take advantage of light propagation on
long distances, optical fibers exhibit interesting properties for the conception of lasers. To date,
the fabrication of optical fibers, at least in silica, has been mastered and leads to ultra-low losses
of about 0.2 dB per kilometer, and their handling and joining is easy. With a high beam quality
insensitive to the diffraction effects observed in free-space, built-in amplification via various
dopants, efficient heat dissipation and compactness, optical fibers have found applications in
many domains.

In particular, all-fiber lasers operating at a wide range of average power in the kW range at
1pm were designed. In pulsed regimes, extremely high peak powers in the kilowatt range can be
attained in all-fiber setups, with adequate pulse compression techniques at their output [32, 33].

All-optical setups provide a lot of flexibility to implement various laser architectures, including
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ring lasers, loop mirrors, Fabry-Perot or regenerative sources, which are discussed in Section 2.4,

and still reveal surprising and interesting operation regimes.

2.1.1 Design of optical fibers

Silica optical fibers enable the transmission of light over distances of hundreds or thousands
of kilometers. Usually made of two concentric silica (SiO5) cylinders, so-called “step-index” fibers
ensure light guidance by a small change in their respective refractive indices, of typically 0.36% .
As illustrated by Fig. 2.1, each of these cylinders define the core and the cladding of the fiber,
and the core has the largest refractive index n,. Dopants such as Germanium (GeO,), Phosphorus
(P205) or alumina (Al;O3) are used to increase this refractive index in the fabrication process, while
fluoride (F) or Boron (B,0O3) can be used to decrease the refractive index n. of the cladding [34],
as shown in Fig. 2.2. In this case, the small index difference én = n; — n, is characteristic of

a weakly-guided waveguide, for which light transit time can be derived analytically [35, 36].

dA

ni

Ne

SY

e >

b

Figure 2.1 — A step index fiber and its refractive index profile. The refractive index ny of the

core is slightly larger than the cladding refractive index n..

The core diameter a, the refractive indices and the wavelength of the input signal determine the
number of modes that can travel in an optical fiber. The numerical aperture NA is used along with

the normalized frequency, the V number, such that:

NA = /n? —n2 (2.1)
2
V= %NA (2.2)

1. Corning SMF-28 fiber
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Figure 2.2 — Effect of various dopants on the refractive index of a silica fiber. Figure adapted

from [34].

In particular, for V' < 2.405, the fiber is said to be single-mode. If light propagation can be described
by ray optics as a total internal reflection of the incident ray, one can describe it more precisely

by considering it as a wave and solving the Maxwell equations in the linear case[37].

V-B =0 (Gauss’ law for magnetism) (2.3)

V -D = p (Gauss’ law assuming low charges density) (2.4)

V X E = —%B (Faraday’s law of induction) (2.5)
0

VxH=]J+ aD (Maxwell-Ampere’s equation) (2.6)

In Eq. (2.6), B is the magnetic flux density, D the electric flux density, E the electric field, H the
magnetic field, and J the current density. Also:
D =¢E +P (2.8)

In a medium without free charges, J = 0, p = 0, and in non-magnetic media, M = 0, B and D can

be replaced by their expression in function of E and P in Egs. (2.5) and (2.6), leading to:

0
E=—— (noH 2.9
V x 5; (HoH) (2.9)
VxH= % (eoE +P) (2.10)
By replacing Eq. (2.10) in the curl of Eq. (2.9) and using the relation €y = 1/(uoc?), it follows that
1 O°E ’p
V><V><E:——a 9 (2.11)

2o Mo
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Eq. (2.11) leads to the pulse propagation equation described in Section 2.2.1, as the term accounting
for polarization is split into a linear and nonlinear part [38]. The Maxwell equations also lead to
the Helmholtz Eq. (2.12) which is more conveniently written in cylindrical coordinates p, ¢, z,

giving Eq. (2.13) with kg = w/c:

~ w2~
V’E +n*(w)—5E =0 (2.12)
C
OPE 10E 10’6 OB, ,-
et =+ —— +n?kJE = 2.13
02 20, T o Tom T 0 (2.13)

Where E is the Fourier transform of the electric field E. The propagation is characterized by the

eigenmode equation:

T, (pa) an)] [J;n@a) n_sza)] _ [mﬂkom%—n?)r (2.14)

pIm(pa) — qKn(qa)] |pJn(pa)  niqKy(qa) an,p*q?
With:

q =/ B* — nZk (2.15)

p =/nik§ — (2 (2.16)

Where a is the core diameter, n; the wavelength-dependent core refractive index, and n. the
refractive index of the cladding. J,,, are Bessel functions of order m, and K,, modified Bessel
functions of order m. Each mode supported by the fiber is obtained by solving for f3,,,. The
intensity profile of the electric field therefore depends strongly of the refractive indices, the fiber
geometry, and the input wavelength. Any combination of these will form a mode, which is defined
by a propagation constant 5 = neﬁ%”. The effective refractive index n.g describes the refractive

index experienced by the mode, and is wavelength dependent.

2.1.2 Attenuation in optical fibers

Light input to an optical fiber inevitably experiences an exponential decrease of its power due
to losses. At their origin, material absorption due to glass impurities including metal residues
and OH™ ions. Linear scattering losses, induced by impurities smaller than the wavelength of the

input light beam, result in Rayleigh scattering, proportional to the inverse of A*. Figure 2.3 depicts
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Figure 2.3 — Transmission of silica optical fibers [39]. Copyright 2005 E. Fred Schubert. Reprinted

with the permission of Cambridge University Press.

the transmission of silica optical fibers, and shows an increasing loss at long wavelengths past
1.6 pm.

Bending losses also need to be taken into account: macro-bending occurs when the fiber is
bent at an angle which does not ensure total internal reflection. Micro-bending losses, finally, are

inhomogeneities at the core-cladding interface that are induced by mechanical stress.

2.1.3 Dispersion

A monochromatic light propagating in glass travels at a velocity v, = ¢/n(w), where n(w) is
the frequency-dependent refractive index of the glass. The frequency dependence of the refrac-
tive index is the origin of chromatic dispersion, where different frequency components travel at

different velocities. The Sellmeier equation provides an expression for the refractive index as [40]:

_1+Zw —w2 (2.17)

Parameters w; and B; of Eq. (2.17) account for the i resonance frequency and its magnitude,
respectively, according to Table 2.1. These coefficients are valid far from resonances for silica.
In an optical fiber, chromatic dispersion is induced by both its material properties and a wave-

guide contribution. Both of these contributions are accounted for in the effective refractive index
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Resonance wavelength [pm] | Resonance amplitude

0.0684043 0.6961663
0.1162414 0.4079426
9.896161 0.894794

Table 2.1 — Resonance wavelengths and amplitude coefficients.

Nesr , that is derived from the properties of the propagating mode.
It is common to express chromatic dispersion as a series of coefficients around a central

frequency wy, as a Taylor series :

B(w) = Bo + Pi(w — wo) + %52(60 —wp)® + %Bg(w —wo)® + ... (2.18)
For which gy, is:
_ (9
B = <W)ww0 (2.19)

In Eq. (2.18), 3y corresponds to the wavenumber, (3 is the inverse of the group velocity at the central
wavelength, and (3, is the chromatic dispersion coefficient. 33, the third-order dispersion coefficient
describes the variation of (3,. Higher order terms such as /33 have to be included when 3, ~ 0.
The dispersion parameter D is defined as the derivative of 3; with respect to the wavelength A,

and related to (35 via Eq. (2.20). Their respective units are psnm ™' km™ and ps* km™.

p_dh_ o

C
=N ——%BQ (2.20)

2me
B
chromatic dispersion is of major importance in fiber optics, and defines which of the blue or red

The dispersion slope is sometimes provided as S = [33 ( )2 in psnm ?km™. The sign of the
wavelengths travels faster. In so-called “normal dispersion” (5, > 0), longer wavelengths are
faster than shorter ones, whereas it is the opposite in “anomalous-dispersion”.

Silica single-mode fiber (SMF), for example, exhibits anomalous dispersion above 1310 nm.
When other dispersion properties are required, the zero-dispersion wavelength (ZDW) of the
fiber can be shifted via the conception of specialty fibers, mainly by altering the refractive index

profile or the waveguide geometry.
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2.1.4 Coherence

It is usual to define the temporal and spatial coherence as follows [41].

e Temporal coherence refers to the time duration over which a wave is coherent. Measured
at different time intervals, the difference between the actual and the expected phase of
the light beam describes its temporal coherence. Mathematically, the degree of coherence

I'(t) € [0, 1] and the coherence time in seconds are written:

(E"(H)E(t + 7))
I'(t) = E (OE() (2.21)
T. = /OO | (t)|dt (2.22)

Here, E(t) is the complex electric field at a given location, and E*(t) its conjugate.
e Similarly, the coherence length measures the degree of temporal coherence of a wave after
some propagation, so that 7, = c7,
Coherence time can also be related to the spectral width of the optical spectrum, and the coherence
time 7, is inversely proportional to the source spectral bandwidth:
1
T Af
In Eq. (2.23), A f is the FWHM spectral width of the source. The coherence time therefore decreases

Te (2.23)

with an increasing source bandwidth. An amplified spontaneous emission (ASE) source has a very
low degree of coherence, while a continuous-wave (CW) laser of sharp linewidth has a high degree
of coherence. The latter is therefore able to generate interference patterns in an interferometric

setup.

2.1.4.1 Cross-coherence

Pulse-to-pulse coherence measurements, sometimes referred to as “cross-coherence”, quan-
tify the relative phase differences between two consecutive pulses [42, 43]. The interferometric
setup of Fig. 2.4 with a delay line provides a direct observation of interference fringes when the
cross-coherence is high. In this setup, pulse NV + 1 interferes with pulse V. If the relative phase
of each spectral component is constant, a smooth interference pattern is observed, and construc-
tive and destructive interference occurs at equal frequency intervals, as expected in a Michelson

interferometer.
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Figure 2.4 — Setup for measuring cross-coherence of a pulsed source. OSA: optical spectrum

N[N

analyzer.

2.2 Nonlinear effects in optical fibers

Nonlinear optics considers that the interaction of light with light or matter alters its frequency
via an intensity dependent change in the refractive index. Linear optics, as the name suggests,
considers that the polarization density P has a linear relationship with the electric field E, such
that P = ¢y xE. This hypothesis holds for low intensities of E, like the small angle approximation
of a pendulum, for which that angle is expressed by a linear approximation corresponding to the
first term of its Maclaurin series.

As light propagates in a medium, the polarization P is the resultant of all dipole contributions,
and is not necessarily parallel with respect to E. In the general case, the medium is anisotropic

and Y is a tensor:

P = ¢xE , or: (2.24)
3
P =¢ ZXijEj Vi,j €x,y,z (2.25)
j=1

As indicated by Eq. (2.25), asymmetries in the host medium may induce cross-talk between the
components of the electric field, and the x-component of the polarization, for instance, accounts
as well for the y and z components of the electric field.

The nonlinear polarization P is expressed as a Taylor series, and introduces the x(*) coefficients,

namely the i'" order susceptibilities:

P=c X\ E+x@: EE+x®EEE +.. ] (2.26)
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The second order susceptibility y(?) requires a non-centrosymmetric medium, which is typical
of crystals, for instance LiB3O5 or CsLiBgO;¢. Through such media, second harmonic generation
(SHG) as well as the Pockels effect [first observed in 1893] are enabled [44], leading to many
applications including measurement of ultrashort pulses or light modulation with Mach-Zender
interferometers.

In fiber optics, the centrosymmetric nature of the host medium SiO,, in a macroscopic scale,
only features x®) nonlinearity. The polarization term, in this case, is proportional to EEE rather
than EE, and the refractive index changes with the square of the electric field, whereas it changes
linearly with the electric field in the Pockels effect. As a result of y(*) nonlinearity, one also needs
to account for an intensity-dependent attenuation, called two-photon absorption (TPA). Therefore,
the effective nonlinear refractive index and nonlinear attenuation are written as functions of the

wavelength and the nonlinear refractive and attenuation coefficients ny and s [41]:

(w, |E]%)
(w, |E]%)

n(w) + ne| B (2.27)

i

n(w) + as| E)? (2.28)

[oN

The Kerr effect leads to third harmonic generation, TPA, SPM, cross-phase modulation (XPM)
and four-wave mixing (FWM). In fiber optics, it is convenient to introduce the nonlinear waveguide

coefficient v, in W'm™, as:

NaWo
= 2.29
v Asq (2.29)

which is related to the effective mode area Agg

[ff |F(z,y) |2dxdy]

= 2.30
B ff |F(z,y)|*dzdy (2.30)

with F(x,y) the field distribution of the propagating mode.

Lastly, inelastic processes also occur during the propagation of light, and the SRS effect will
be described in Section 2.2.6. In the next section, the NLSE is presented. It reveals the importance
of nonlinear effects in optical fibers, and provides the basis for numerical simulation of pulse

propagation.
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2.2.1 Nonlinear Schrodinger equation

Starting from Eq. (2.11) of Section 2.1.1 (page 11),
1 0%E 0°P

VXVXE=——5 — o> 2.31
cor "o (231)
the polarization is decomposed into a linear part Py, and a nonlinear part, Pyy.
P= PL + PNL (232)
Because V x V x E=V(V -E) — V2E and V - (VE) = 0, we obtain:
1 O’E 0*Py O*Pyy
VZE = = —— + [lg—=t + flg— 2.33
2or M T T (233)

By perturbation analysis [38], the envelope of the electric field A(z,t) is expressed via the gener-
alized nonlinear Schrédinger equation (GNLSE). This equation takes several forms, including or

excluding certain terms such as self-steepening (SS), SRS, XPM or FWM.

0A(z,t) « o . 0 % NG
—A(z, T i —) [ A(z,T Azt —
2 S+ L = i+ g (AT [ ROAG e P
—_— =2 PR _
losses N~

vV
. . nonlinearities, self-steepening and Raman
dispersion ’ pening

(2.34)
where T is a moving frame of reference such that 7' = ¢ — (3,2, R(t) is the nonlinear Raman
response of the medium, f3; are the dispersion coefficients, and « is the loss. Also, a positive
carrier frequency is used, so that E'(t) = 1/2exp(jwot — j5z) +c.c. Self-steepening accounts for
the intensity dependence of the group-velocity. This effect is typically weak for pulses longer
than 100 fs. For pulses longer than 100 fs, the Raman response can be linearly approximated, and

Eq. (2.34) becomes [38, p.40]:

OA(z,t)  « o . 2, J 0 e IAP
—A(z, T — = AlA+ ——([|A|*A) — TRA 2.
5+ SACT) 53 Syt = v (1APA+ L4 ~ 1A%l ) 9

The Raman response time 7 depends on the material, and for silica fibers it is common to use
Tr =31s.

From the GNLSE, nonlinear effects can be studied separately by ignoring irrelevant terms. In
the next subsections, we describe the SPM, XPM, FWM and SRS nonlinear effects, which serve as

the basis for the generation of broadband pulses.
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2.2.2 Self-phase modulation

First observed in 1967 in carbon disulfide and more than ten years later in silica optical
fibers [45, 46], SPM is a manifestation of the Kerr effect, for which the propagating signal ex-
periences a nonlinear phase shift that is proportional to its intensity [47]. By neglecting the
dispersion terms and higher order nonlinear effects of the NLSE, the unary pulse envelope U (z, t)
is related with the nonlinear waveguide coefficient y and the signal power Fy. The differential
equation

o = RlUPU (2.36)
can be solved analytically with a solution of the form U(z,t) = V(z,t)exp(jon(z,1)), and
Eq. (2.36) becomes

ov , . : 9, . .
5. xp(jone) +Vjexp(jon) gjL = j7R|VIPV exp(jon) (237)
The real and imaginary part are equalled and lead to
ov : : .
5 = 0 (no profile change in the time domain) (2.38)
z
0
—gNL = Pyy|V? (2.39)
z
and hence:
8¢NL o 2 . . . .
5 |U(0,t)]” exp(jénL(z,t)) (intensity dependent phase shift) (2.40)
z

During propagation, the pulse undergoes an intensity dependent phase-shift on its temporal pro-
file. Fig. 2.5 illustrates the time-dependent phase change (chirp) for a Gaussian and a Sech pulse.
By the modulation properties of the Fourier transform, a phase-shift in the time-domain corre-
sponds to a frequency shift in the frequency domain: new frequency components are generated
continuously as the light beam propagates in the fiber. SPM leads to spectral broadening when
the initial pulse is unchirped?, as shown in Fig. 2.6. Because the pulse chirp has a pair of same
values at two different times and because the pulse already has its intensity profile, the resulting
spectral intensity for a given wavelength depends on the amplitude and phase differences of each

contributing components. This leads to an oscillatory structure as ¢y increases [48]. The pro-

2. In general, positively chirped pulse broaden, and negatively chirped pulses shrink in absence of chromatic

dispersion.
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Figure 2.5 — Left: pulse temporal profile, for gaussian and sech pulses. Right: Corresponding
chirp. Temporal positions that correspond to a same chirp induce interferences, leading to the

typical oscillatory structure of SPM broadening.
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Figure 2.6 — Propagation of a 1ps gaussian pulse in a 1km-long nonlinear fiber of
v =10 x 107 W m™". The nonlinear phase shift is ¢ = yPyL Left: No chromatic dispersion.

Right: Normal dispersion. Insets: time-domain pulse shape.
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file of the SPM-induced spectral broadening is also affected by the chromatic dispersion of the
medium, and can lead to optical wave-breaking in normal dispersion regime, as well as optical

solitons, which are the subject of Section 2.3, page 23.

2.2.3 Cross-phase modulation

A nonlinear coupling between a set of optical fields of different frequencies or of different
polarization axes occurs by the effect of XPM, when these fields overlap in time [49]. While SPM
induces a phase shift on its own signal, XPM induces a phase shift that is proportional to the
signal intensity on any overlapping signal.

The NLSE must therefore be written as a system of coupled equation, one per optical field

0A; J"
T GAGT) 4 Bk Z L

= v | [A+ B D (1Anl) | 4, (2.41)
SPM m#j
XPM

In Eq. (2.41), SRS and SS are ignored. The 3, ;, term accounts for the group-velocity of each optical
field. In the case of XPM interaction between two polarization axes, B = 2/3, and it can be shown
that for low birefringence, the FWM terms are cancelled. In the general case, FWM is expected
when the phase-matching condition is required. This term becomes rather complex in the general
case, and was ignored in Eq. (2.41). The reader can refer to [38, chapter 10] for a comprehensive
and expended form of these equations for k =0... 3.

In the degenerate case, XPM accounts for nonlinear polarization rotation (NPR), well known
as part of a mode-locking technique which transforms polarization rotation into amplitude mod-

ulation, as discussed in Section 2.4.2.

2.2.4 Four-wave mixing

FWM is another consequence of x®) nonlinearities[50, 51]. When the initial electric field
is composed of several CW waves of different frequencies w;, the nonlinear polarization term

of Eq. (2.26) includes a large number of terms. Some of them involve only the electric fields at
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frequencies w;, and are responsible for SPM. Some others involve the electric fields at w; multiplied
by the intensity of other electric fields, therefore accounting for XPM. Finally, sum or differences
of the electric field terms account for FWM. A phase-matching condition also results from this
equation, and the consequences of FWM are that photons from one or more frequencies are
transformed into new photons at different frequencies, such that there is conservation of the
energy and momentum [38].

From two pumps at w; and ws, photons are created at frequencies w3 and w, such that [38,
Chap. 10]:

Wi + we = w3 + Wy (2.42)
If phase-matching is satisfied (Ak = 0)
I - - .
Ak =03+ 4= 1 — 2= E(n3w3 + Mgwy — MWy — Taws) (2.43)

with 7, the effective mode index at frequency w;.
If w; = we, FWM is said to be degenerate, and two new frequencies are generated on each side

of the pump frequency, with an equal frequency offset.

2.2.5 Modulation instability

MI generally arises when a light beam propagates in a medium with anomalous dispersion
at the beam wavelength. Considering a CW signal input to a fiber, the interplay of nonlinearities
and dispersion amplifies the small perturbations of the CW signal, leading to the generation of a
train of pulses.

By a linear stability analysis, the NLSE is solved, without high order dispersion terms or loss,

in the frequency domain [38]. The gain spectrum is then given by

9(w) = |0/ E — OF YQ € [0, ] (2.44)

where Q). = 4vP,/|32|. The gain provided for a highly nonlinear fiber (HNLF) withy =12.5 W™ km™
and various signal power F is shown in Fig. 2.7. The train of pulses has a period inversely pro-
portional to the frequency of maximum gain 2., = j:\/m . Pulses induced from a CW
signal induce supercontinuum (SC) generation because of their interactions, FWM, and a Raman

induced frequency shift [52, 53].
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Figure 2.7 — Gain of modulation instability for a HNLF of 3y =2.09 ps’* km™ for various peak

powers F.

2.2.6 Stimulated Raman scattering

Predicted in 1923 and reported in 1928[54, 55], Raman scattering is a light-matter interaction
for which photons incident to molecules or atoms interact with them by exchanging energy.
Re-emitted photons are frequency-shifted. Raman scattering is therefore said to be “inelastic”,
contrary to Rayleigh scattering * where incoming photons are deviated without being altered in
wavelength.

The high intensity of an optical beam causes vibrations of the molecular structure of the propa-
gation media. Energy is therefore exchanged via optical phonons, absorbing some of the incoming
photon energy. The remaining energy is re-emitted as an optical photon, at a lower frequency,
at the so-called “Stokes wavelength”. The interaction of an incoming photon with the lattice can

also generate an optical photon of higher frequency, at the “anti-Stokes” wavelength [56].

2.3 Optical solitons

Solitons, as commonly defined, are a particularly interesting solution of the NLSE [57]. They are
the result of the interplay of chromatic dispersion and nonlinearity, which balance each other [58].

Solitons of the first order keep their shape during propagation, in absence of loss, while higher

3. Detailed in a series of articles in Philosophical Magazine from 1871 to 1899.
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order solitons undergo a periodic deformation, but recover their shape after a distance L,.. Solitons

have an analytical formulation of Eq. (2.45).

L t
A(t) = Z2\/Py'sech (—> (2.45)
L To
Provided that the dispersion length L, and the nonlinear length Ly are defined as follows:
T2
Lp=-2% (2.46)
718
Lng — — (2.47)
N vFo .
The soliton order N is
LD ’}/P(),T’2
N?=—= = 0 2.48
Lw 1] (249

For solitons of order N > 1, the soliton period is L, = 7/2 - T2 /|[3a|.

The solitons described above are often referred to as “bright solitons”, and have their counter-
part, called “dark solitons”, which exist in normal chromatic dispersion. They form a gap into a
continuous background, propagating without being altered [59].

Other particular solutions of the NLSE include Akhmediev breathers and Kuznetsov-Ma soli-
tons [60-63]. A limiting case of these solutions is the Peregrine soliton [64]. This set of exact
solutions of the NLSE are localized temporally, spatially or both. These solitons were observed in
nonlinear optical fibers recently, and already found applications, such as the generation of pulses
at high repetition rates [65].

The solitons described above are issued of conservative (Hamiltonian) systems, for which
the nonlinear phase shift exactly compensates for dispersion during propagation. In a more gen-
eral case, in the presence of losses and gains as well as dispersion-managed systems, so-called
dispersion-managed (DM) solitons are sustained. Their temporal duration, peak power and chirp
change along the path, but they retrieve their initial duration at a given period. These solitons

therefore “breath” as they propagate [66], as illustrated in Fig. 2.8.

2.3.1 Soliton self-frequency shift

The Raman effect causes a frequency-dependent gain along propagation in a fiber, with a

maximum of gain which is red-shifted with respect to the pump signal, as discussed in 2.2.6.
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Figure 2.8 — Propagation of DM solitons in an optical system. From [66]. Reprinted from Physics
Reports, Vol 521, Sergei K. Turitsyn, Brandon G. Bale, Mikhail P. Fedoruk, “Dispersion-managed
solitons in fibre systems and lasers”, pp. 135-203, Copyright (2012), with permission from Elsevier.

Because of that, a broadband soliton propagating in a fiber may self-induce gain for its longer
wavelengths [67]. If it is the case, the soliton is continuously shifted towards the long wavelengths
as it propagates, and this effect is as significant as the pulse is broadband. In fact, the rate of shift

is proportional to the fourth power of the soliton duration.

Figure 2.9 illustrates the propagation of a higher order soliton inside a silica HNLF. The soliton
experiences fission at the very beginning of the propagation. In the time domain, this corresponds
to the division of the initial pulse into three fundamental solitons. The most powerful one, also
the pulse of shortest duration, experiences SSFS and shifts towards the red wavelengths. Because
the fiber has anomalous dispersion, the red-most wavelengths components travel slower than the

blue-most components. Therefore, the pulse acquires a temporal delay of ~150 ps.
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Figure 2.9 — [llustration of soliton shifting in a silica nonlinear fiber, with D =2.09 psnm™ km™!

and the slope of dispersion S =0.02 psnm™ km™ at 1550 nm.



27 CHAPTER 2. BASIC CONCEPTS

2.4 Generation of ultrashort pulses

Lasers are known to operate in various regimes, in which they generate pulses with different
duration, temporal shape, and spectral features. These regimes are triggered via several techniques.
We focus on techniques that yield to short pulses without active elements inside the laser cavity.
They can be enumerated as follows:

e Mode-locking: a fast saturable absorber promotes higher peak powers, and yields ultrashort
pulses.
e Noise-like pulses regimes: based on saturable absorption, generate packets of noise
e Cascaded regeneration: a saturable absorber and intracavity offset filtering generate ultra-
short pulses.
Q-Switched operation, achieved by modulating the intracavity losses, is not considered because the
generated pulses are usually in the nanosecond range [68]. After presenting common techniques
for the measurement of ultrashort pulses, the techniques for ultrashort pulses generation listed
above, and of picosecond duration at most, are detailed. They constitute a framework for this

thesis, in which several of these methods were investigated.

2.4.1 On the measurement of ultrashort pulses

In this section, we review some techniques of ultrashort pulse measurement. We emphasize
that the most widespread pulse measurement techniques operate by averaging over a significant
number of pulses, and therefore only provide a realistic picture of the pulse properties when the
pulse to pulse changes are small. Furthermore, only two of the three broadband sources studied in
the next chapters do fulfill such conditions, with the exception of the solitonic regime of Chapter 6.

The limited bandwidth of electrical detectors does not allow a proper sampling of ultrashort
pulses of pico- or femtosecond duration. To overcome this limitation, several techniques have
been developed, and among them SHG autocorrelators and frequency resolved optical gatings

(FROGs) devices enable a partial description of the pulse profile, and phase for the FROG.

2.4.1.1 Intensity autocorrelation

Intensity autocorrelators collimate the signal and its copy, delayed by a variable time 7, into

a x? crystal. A photo-multiplier tube (PMT) or a photodiode is placed behind this crystal, and
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measures the intensity of the frequency-doubled signal as a function of the time delay 7. At
the telecom wavelengths of 1550 nm, the frequency-doubled signal falls into the near-infrared
at 775 nm, and can be detected with a silicon photodiode. It was also shown that the crystal can
be replaced by an adequate photodiode measuring the autocorrelation of the signal via a TPA
process, for example in a GaAsP photodiode [69, 70]. In this case, the photodetector must not
be sensitive to the signal wavelength, and the absorption band gap energy must be less than the
energy of two signal photons.

Fig. 2.10 depicts the schematic of a common autocorrelator. It is important to note that the

SHG_ Photo

crystal detector

) A
i>n_|‘:| \Bomn splitter

A

Input

SHG_  Photo
crystal detector

, Z

Input

Figure 2.10 — Schematic of a commercial autocorrelator. A time delay 7 is induced by rotation
of two parallel mirrors, and the propagation distance (in red) varies linearly (or almost) around

7=0.

speed of variation of 7 is usually small with respect to the pulse-to-pulse time delay. The measured

output intensity at delay 7 is a convolution of the signal with itself

Toulr) ~ [ " L) Iu(t — )t (2.49)

o0
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corresponds to an averaging over a large number of pulses. Intrinsically, the intensity autocor-
relation of a signal yields to a symmetrical response and loses the phase information. An es-
timate of the actual pulse duration is obtained by assuming a pulse shape [71]. For Gaussian
pulses, the actual pulse duration is Atpwavn = AtrwHMautocorr/ 1-44, whereas sech pulses have
Atpwin = Atrwamantocorr/ 1-54

On the other hand, if the pulse-to-pulse variations are significant, the autocorrelation figure
degenerates towards the autocorrelation of noise, which consists of a Gaussian pedestal with a

sharp peak at 7 = 0. To overcome this limitation, single-shot autocorrelators were developed [72].

2.4.1.2 FROG devices

To address the problem of phase retrival, the FROG devices extract more information from the
pulse autocorrelation [73]. Instead of measuring the intensity of the frequency-doubled signal like
intensity autocorrelators, FROGs use a spectrometer to resolve the frequency components of the
doubled signal at all times 7. Namely, the photodiode of Fig. 2.10 is replaced by a diffraction grating
and a series of photodetectors, resolving the set of decomposed wavelengths. FROGs therefore
output a spectrogram of the pulse, from which the phase information can be extracted via an
iterative algorithm [74, 75].

The frequency and time dependent FROG output is

o) 2
Irroc(T) ~ ‘ / Lin(t) L (t — 7)e™"dt (2.50)

2.4.1.3 Single-shot spectral measurements

Common optical spectrum analysers (OSAs) are composed of a diffraction grating, which
separates the input signal into its frequency components. A photodiode captures the intensity
of the signal in each wavelength slit of spectral width A\. For that matter, spectrum analyzers
require an acquisition time that usually exceeds the measured pulse duration. Therefore, the OSA
performs an averaging of the input signal over a certain number of pulses, and does not perform
single-shot measurements.

Most pulsed lasers produce pulse trains that are regular, with excellent pulse-to-pulse similar-

ities. However, other kind of self-pulsating sources operate in a regime for which bursts of noise
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are generated. SC sources also include rogue waves, which are noise-dependent, and therefore
are comparable to random processes.

To characterize such pulses, single-shot measurements are necessary, and wavelength-to-time
mapping techniques constitute a simple yet efficient way to measure instantaneously the spectrum
of a pulse. The implementation of such a method was proposed in 1999 by Kelkar et al. [76], and re-
visited recently by Wetzel et al. [77] for the analysis of SCs. Figure 2.11 illustrates the experimental
setup of this technique, which includes a long length of SMF, of a dispersion D =17 psnm ™ km™,
and a photodiode. As the pulse propagates in the dispersive fiber, the components of the pulse

‘/WL 20 km
OSA
= QO M

SMF PD

Figure 2.11 — Setup for the time-domain single-shot spectrum analyzer. OSA: optical spectrum
analyzer, PD: photodiode, SMF: single-mode fiber.

experience a time delay which is proportional to their wavelength at the first order approximation,

and this time delay A is given by Eq. (2.51).

AT = DLAX + W (2.51)

Silica SMF-28 has a zero-dispersion wavelength around 1310 nm, and hence anomalous dispersion
at the telecom wavelengths of 1550 nm, with a low dispersion slope, and the first order approxi-
mation is accurate enough, as confirmed by experimental results.

The consequence of Eq. (2.51) is that any signal transforms into its Fourier transform when
experiencing a large chirp. The output signal is observed in the time-domain, and for a sufficiently
dispersive medium, the time delay is of several nanoseconds, large enough to be captured by a
standard real-time oscilloscope.

Figure 2.12 presents the result of this method for the case of a pulse sent into a HNLF, in the

normal dispersion regime.
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Figure 2.12 — Spectral measurement: single-shot time domain measurement and averaging by
an OSA.

2.4.2 Mode-locking

As implied by its name, mode-locking occurs when the modes propagating in a laser have
a fixed relationship, leading to an interference pattern that displays sharp peaks on a noise-less
background. The first mode-locked laser was reported in 1964 [78] in free space, in 1986 with
a doped fiber as gain medium [79]. In a ring laser resonator, the mode spacing in Hz is defined
by the cavity length L, the speed of light ¢y and the refractive index of the medium n is referred
to as the free spectral range (FSR) such as Apsg = cn ! L~!. Because the gain medium of lasers
is usually much broader than the FSR, a large number of modes are sustained in the cavity, and
the resulting electric field is the sum of the individual contributions of each mode. The relative
phase of these modes indicates if the source is noise-like (no fixed phase relationship), or has some

structure. More precisely, the total electric field can be written:

N
B =Y Ajexp(jwit + ¢;) (2.52)
=0

In Eq. (2.52), the i'" mode has an amplitude A;, a frequency proportional to w;, and a phase ¢;.
Fundamental mode-locking occurs if ¢, 11 — ¢; = cte Vi € 0... N — 1, as illustrated in Fig. 2.13.
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Figure 2.13 - Interference pattern resulting of the addition of 7 modes with a fixed phase rela-
tionship.

A train of pulses occurs at the repetition rate of the cavity. The larger the number of modes, the
shorter the output pulses. In fiber lasers doped with erbium ions, the gain window spreads over
about 3.77 THz at 1550 nm. For a cavity of L =10 m, the FSR is therefore 20 MHz, and the number
of modes is close to 200 000. Constructive interference of modes over that bandwidth can result
in ultrashort pulses of a few tenths of femtoseconds, and limited by the chromatic dispersion and
wavelength dependent changes in the refractive index. Fundamental mode-locking enforces a
fixed repetition rate. In harmonic mode-locking, however, multiple pulses travel in the resonator,

formed by different sets of modes [80].

Mode-locking can be triggered actively by a modulation of the signal inside the cavity, or
passively, using a saturable absorber [81, 82]. Passive mode-locking relies on the nonlinear power

transfer function of an absorber, which favors high intensities.

We review free-space and all-fiber setups that act as saturable absorber due to interferometric
effects, to the Kerr effect, to X(Q) nonlineariries, or to semiconductors. We limit our description to
self-pulsating sources, in which the pulses are spawned in a resonant cavity, hence including a
gain medium. This excludes all locking techniques taking advantage of seed pulses, which operate

by shaping or shortening existing pulses, or which turn CW beams into a series of pulses. Mode-
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locking techniques based on x(?) processes are briefly described in Sections 2.4.2.9 to 2.4.2.10, as
x? mode-locking techniques were not investigated in the framework of this thesis. Likewise, no

ultra-high repetition-rate frequency combs with large mode spacing are presented in detail.

2.4.2.1 Nonlinear loop mirror

Nonlinear mirrors belong to the passive mode-locking techniques often referred to as additive
pulse mode-locking (APM) [83]. The principle of APM is that the propagating pulse is split into two
versions of itself, experiencing different phase shifts via nonlinear effects when passing through
a Kerr medium. They are then recombined at an optical element such as a coupler of a polarizer,
and the interference of these two versions results in a new pulse whose peak power and energy

is a function of the differential phase shift between the two versions of the pulse.

Initially, the nonlinear optical loop mirror (NOLM) is composed of an optical coupler of a
splitting ratio « forming a loop with an input and an output, playing the role of saturable ab-

sorber [84]. It is depicted in Fig. 2.14. The input signal is split and propagates in the two arms, and

In_
Coupler
Out a:l—a«

Figure 2.14 — NOLM with a coupler of ratioa : 1 — «

recombines at the coupler. The path of both arms have the same length, but if o # 0.5, the signal
in each arm has a different intensity, and therefore experiences a different amount of nonlinear
phase shift due to the Kerr effect. The recombination of both signals is intensity dependent and
quasi-instantaneous, and leads to the power transfer function of Fig. 2.15. In order to operate
with an interesting modulation, NOLMs have to be used with ratios close to 50:50, or with a high
nonlinear parameter. Ratios that are close to 50:50 do not take advantage of nonlinearities, since
the peak power difference between the clockwise and counter-clockwise signal is low. At high ~,

the limiting factor becomes the spectral broadening induced by SPM.
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Figure 2.15 — Transfer function of an NOLM with various coupler ratio f (left), and various

nonlinear waveguide parameters vy (right).

2.4.2.2 Nonlinear amplifying loop mirror

The nonlinear amplifying loop mirror (NALM) is an extension of the NOLM, including an
amplifier placed at one end of the loop [85]. The input signal is split at a 50:50 coupler, and is
amplified either at the beginning or at the end of its travel in the loop. This asymmetry induced
an intensity dependent phase delay, leading to a large modulation depth even at low input powers.
This configuration, shown in Fig. 2.16, has been used extensively. In polarization maintening (PM)
fibers, NALMs provide a saturable absorber which is unaffected by its environment, ultrafast, and

tunable with via the amplifier found in the loop [86]. The power transfer function of an NALM is

In_
Coupler
Out 50:50 Amplifier

Figure 2.16 — Schematic of an NALM.
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derived by writing the clockwise and counter-clockwise fields:

Ecw = EuVaG exp(—jv|Eul’LaG)Va = EnaVG exp(—j7|En|*LaG) (2.53)
Ecew = EnV1 — a'VG exp(—j7|Ewl*L(1 — )G + jm)V1 -« (2.54)

The coupler has a ratio «, the amplifier a gain factor G, the mirror a length L, and the fiber
a nonlinear waveguide parameter 7. The output power is obtained via the sum of Egs. (2.53)
and (2.54), and P, is related to the input signal via Eq. (2.55). The power transfer function of
NALM:s is depicted in Fig. 2.17.

Pyt = | E|? (1 —2a(1 — a)(1 + cos [7|Ein|2L(1 —a— OéG)])) (2.55)
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Figure 2.17 — Power transfer function of a NALM with various gain G (left), and various non-

linear waveguide parameters -y (right).

For a # 0.5 and G = 1, we fall back to the NOLM. The NALM exploits the nonlinearity of
the fiber better than the NOLM, and leads to nonlinear switching for shorter mirror length L.
2.4.2.3 Nonlinear polarization rotation

NPR relies on the intensity-dependent rotation of the polarization in a fiber. All single-mode

fibers support two orthogonal modes, which interact together. If not linearly polarized along one
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axis, the pulse excites the two orthogonal modes, and interactions may occur. NPR relies on SPM
and the effects of XPM between the two linearly polarized eigenmodes, x and y. This effect, first
reported by Dahlstrom in 1972 [87], is strong in particular if the birefringence is low. In this
case, the group-velocity of the pulse components travel at a similar speed along each polarization
axis, and interact by applying an intensity dependent phase shift on each other, as expressed by

Eq. (2.56) and Eq. (2.57) [88, 89]:
P, = (Bw + kny {|A$|2 + §|Ay|QD L (2.56)

0, = (8+ ke 14, + 21,8 ) £ (2.57)

In these equations, 3; the propagation constants along axes x and y, k is the free-space propagation
constant, 1o the nonlinear refractive index, and L the length of the nonlinear propagation. The
XPM term is responsible for the cross-talk between both polarization axes. The addition of a
polarizer after this interaction plays the role of saturable absorber, favoring the parts of the pulse
which are best aligned with the polarizer, and attenuating the others. This concept is illustrated
in Fig. 2.18. As a function of the polarizer angle, and for various nonlinear phase shifts ¢g,m, the
power transfer function of an absorber comprising nonlinear polarization rotation and a linear
polarizer is illustrated in Fig. 2.19, and expressed in equation Eq. (2.58) [88].

Pspm €Os(20)

Powt = P Sinz |: 6

] sin?(26) (2.58)

with 0 the angle of the polarizer with respect to the reference polarization axis.

The use of tilted Bragg-gratings was recently proposed to replace the polarizer [90].

2.4.24 Self-focusing

The intensity dependent refractive index also leads to spatial variations of the effective re-
fractive index across a Gaussian beam propagating in a Kerr medium. In 1962, it was predicted
by Askaryan that this gradient of refractive index leads to self-focusing of gaussian beams [91].
Other researchers also reported and studied self-trapping and self-focusing in the next 20 years,
theoretically [92-95] and experimentally [96]. It is only in the 90’s that the conjunction of self-
focusing and aperturing is shown to provide a nonlinear power transfer function that is suitable

for the generation of ultrashort pulses [9, 97, 98]. Figure 2.20 illustrates this effect, referred to as
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Figure 2.18 - Illustration of the effect of nonlinear polarization rotation. Given an initial linear
polarization of angle o with respect to the x axis, the pulse is sent to a nonlinear medium. By
cross-phase modulation, the polarization evolves spatially along the pulse. This pulse passes a

polarizer at angle o + /2, and results in the green signal, which is shorten in time.
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Kerr lens mode-locking (KLM), for an input Gaussian beam propagating in a nonlinear medium.

It was observed by Spence et al. [9] and shown by Piché and Salin [99] that aperturing was not

input Gaussian beam Wavefronts Kerr \n}edium
|

Aperture

J

Low intensity

High intensity

Figure 2.20 - Self-focusing in a Kerr medium. At low intensity, a low amount of power remains
after the aperture (top). At high intensity, self-focusing alters the beam waist, and most power

remains after the aperture (bottom).

required, as the transverse gain profile also favors pulses over CW oscillation.

Few-cycle pulses have been recently reported for such lasers, taking advantage of self-focusing
in the amplifying medium, or in air, generating pulses of less than 6 fs [100-102]. KLM is found
in free space configurations. Nevertheless, it may be possible to design such a laser with specialty
fibers of high nonlinear refractive index coupled to a segment of fiber of different effective mode

area.

2.4.2.5 Colliding pulse mode-locking

Fork et al. reported in 1981 a new technique, called colliding pulse mode-locking (CPM), for
which the interaction of two counter-propagating pulses in a saturable absorber induces a power
dependent attenuation [103]. Before that, the absorber was directly in contact with the mirror,
which was technically difficult. Moreover, the pulse synchronization imposed by this technique
diminishes instabilities observed in dye-lasers configurations. Pulses shorter than 0.1 ps are ob-

tained with this technique, whereas the use of saturable absorbers, before that, were limited to
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the generation of pulses of ~1 ps. This technique was used recently in semiconductor lasers at

ultra-high repetition rates [104, 105].

2.4.2.6 Frequency-comb sources

Mode-locked sources require a fixed phase relationship between its modes. Such a condition is
naturally met by stimulated Brillouin scattering (SBS), and Lugovoi and Prokhorov predicted that
ultrashort pulses could be generated by taking advantage of Brillouin scattering [106, 107]. Pulses
of several nanoseconds were first demonstrated via this concept in 1978 [108]. More recently,
picosecond pulses were obtained via several mechanisms, including cascaded-FWM processes in

micro-resonators [109, 110], or in the all-fiber configuration of Fig. 2.21 [111]. Due to the Brillouin
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(b) Only even Stokes contribute to the cavity output, doubling its
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Figure 2.21 — Setup of the SBS sources. Adapted from [111].
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effect, for a CW signal which propagates in an optical fiber with a sufficient intensity, some of the
signal power is transferred into a backwards-propagating wave, with a small frequency offset. This
offset is material and wavelength-dependent, for a value of about 10 GHz in silica SMF [112]. The
setup of Loranger et al. generates Brillouin lines of multiple orders, forming a frequency comb over
about 2nm [111]. The two configurations of Fig. 2.21 allow the creation a comb containing odd
and even Stokes (Fig. 2.21a), or only even Stokes (Fig. 2.21b). Pulses are generated at a repetition
rate which corresponds to the frequency spacing between the Stokes lines. The pulse duration
is directly related to the spectral width of the comb, and therefore of the number of contributing

Stokes lines.

2.4.2.7 Semiconductor saturable absorber

When light is sent to a semiconductor, photons are absorbed and their energy contributes to
the displacement of electrons from the valence band to the conduction band. These charge carriers
recombine quickly via thermalization and crystal defects [113]. However, when the light intensity
increases, electrons accumulate and saturate the conduction band, decreasing the absorption.

Multiple types of semiconductors were used to achieve mode-locking since 1972 [114] with
various materials, which recently include carbon nanotubes [115-117] and graphene [118, 119].
Lasers based on these kinds of saturable absorbers require extremely low saturation energy, and

can be mode-locked at pulse durations of less than 100 fs [120].

2.4.2.8 Nonlinear mirrors

Another original approach enabling the generation of ultrashort pulses was introduced in
1988 by Stankov and Jethwa [121], with the use of a SHG crystal as presented in Fig. 2.22. The
nonlinear power transfer function of this system is composed of the SHG crystal as well as the
mirror M2, these components forming the so-called “Stankov mirror” [122]. Light at the pump
wavelength of 1.06 um penetrates the crystal, leading to a weak SHG signal at low pump power.
Both the pump and the SHG signal reflect at M2. If the reflected signals are phase-matched, which
can be adjusted by tilting the crystal, the pump signal experiences amplification from the SHG
signal, as a reverse-SHG process. Therefore, the higher the intensity of the pump beam, the higher
the SHG signal, and the higher the amplification of the pump signal [123].
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Figure 2.22 — Cavity configuration: a high reflectivity mirror M1, a Nd:YAG rod, a telescope
formed by a pair of lenses, a SHG crystal, and a mirror M2, featuring high reflectivity at the
doubled frequency, as well as 25% reflectivity at the pump.

This concept has been extensively studied, and pulses in the picosecond range were gen-
erated [124, 125]. The limiting factor for such an architecture is the group velocity dispersion
(GVD)-mismatch between the fundamental and the doubled signals, as well as the phase matching
condition. Variants of this technique were also reported, in particular with the use of a Michelson

interferometer [126], or with Raman interactions instead of SHG [127, 128]

2.4.2.9 Cascaded second order nonlinearities

In a configuration similar to the one of the nonlinear mirror of Stankov, cascaded second-order
mode-locking (CSM) was predicted by DeSalvo et al. in 1992 [129, 130]. CSM takes advantage of

) media, described in Section 2.4.2.4.

the x?) equivalent of the self-focusing effect observed in y
As for the nonlinear mirror of Stankov, a X(2) crystal faces a mirror, this time as reflective for the
pump and the SHG signals. A slit is added on the optical path, serving as aperture as for KLM.
During the propagation in the crystal, if the phase matching condition is not met, part of the SHG
signal is down-converted to the pump frequency, but with a 7/2 phase shift with respect to the
pump signal [122]. The resulting wave therefore undergoes an intensity-dependent phase shift,

as in x® nonlinear media [131].

Mode-locked lasers have been designed based on that concept, and pulses in the picosecond
range were generated in such cavities [132, 133], which as for the nonlinear mirror suffer from

limitations related to the GVD mismatch of the SHG process.
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2.4.2.10 Quadratic polarization switching

In quadratic polarization switching (QPS), a type II nonlinear crystal is used to generate cas-
caded second order nonlinearities, as for CSM. It was shown that a linearly polarized field sent
to such a crystal can yield to an intensity dependent output polarization [134]. Phase-matching
conditions must be satisfied, and the field must unequally excite the ordinary and extraordinary
components of the crystal. In this case, the SHG process turns into difference frequency generation
between the fundamental field and its second harmonic, and the emitted field at the fundamen-
tal frequency acquires a 7 phase shift [135]. The polarization state therefore remains linear, but
rotates by an angle which is intensity-dependent. A polarizer, as for NPR, transforms the polar-
ization rotation into amplitude modulation. Pulses of 2.8 ps were obtained initially by Couderc et
al. [135], and the same group achieved a reduction of the pulse duration down to 195 fs two years

later [136].

2.4.2.11 Other mode-locking techniques or variants

Mode-locking was achieved with other techniques which are not detailed here, because the
generated pulses are longer than the picosecond.
e Spence et al. reported that SRS could be used for mode-locking in fiber lasers [137, 138]. To
date, no experimental confirmation of this technique was reported.
e A saturable Bragg reflector was introduced by Tsuda et al.[139]. It includes a semiconductor

structure, and is therefore part of the semiconductor saturable absorbers [120].

2.4.3 Mode-locking of fiber lasers: the influence of GVD

In an attempt to achieve shorter and shorter pulse duration in passively mode-locked lasers, it
was noticed that the influence of GVD was essential [140]. Fork et al. pointed out in 1984 that pairs
of prisms could have negative GVD, and hence compensate for other components in free-space
setups [141]. Moreover, the “Haus master equation”, reported in 1991, models the evolution of
a weakly perturbed pulse in a laser cavity and concluded that highly chirped pulses could be
sustained in the normal dispersion regime [83, 142]. In the case of anomalous dispersion, however,

the pulse is a soliton, sustained by the balanced effects of GVD and SPM.
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2.4.3.1 Solitonic and stretched pulse regime

When a laser cavity is made of components operating in the anomalous dispersion regime,
solitons are generated and sustained in the laser cavity. Their profile is therefore a hyperbolic
secant. As they propagate, these solitons are perturbed by the gain and losses encountered while
travelling in the cavity. As a consequence of these changes in shape, the soliton radiates energy
under the form of dispersive waves. Because the soliton undergoes nonlinearity, contrary to the
dispersive waves, it experiences a continuous phase shift, and is therefore periodically phase-
matched with the dispersive waves. The laser spectrum acquires sidebands, first explained by

Kelly [143], which drain energy out of the soliton, and therefore limit its energy.

2.4.3.2 All-normal dispersion regimes

In average normal chromatic dispersion, fiber lasers also generate ultrashort pulses. The usual
interplay between chromatic dispersion and SPM, contributing to the ignition of solitons, can not
operate in normal dispersion. Mode-locking in particular was demonstrated when the cavity net
dispersion was normal, but close to zero: in this case, the pulse sees an effective net anomalous
dispersion [82]. The interest of such lasers lies in the fact that pulses are Gaussian only up to
-10 dB from their peak power, and their slope is more abrupt after that. Even in the presence of
dispersion changes, the pulses do not radiate, and no Kelly sidebands are generated. Later, Zhao
et al. reported an all-normal dispersion laser designed with all-normal dispersion fibers [144].
So-called “gain-guided solitons” are formed in such cavities: they are sustained by nonlinearities,
gain filtering, and the cavity transmission [145]. A steady state is found, such that the propagating
soliton is linearly chirped. Its temporal duration increases during the propagation in normal-
dispersion fibers, but decreases at the polarizer. Pulsed operation is enabled by an adjustment of
the polarization controllers (PCs), and the required pump power is higher than for mode-locked
lasers in solitonic regime. Nevertheless, gain-guided solitons carry a large amount of power in
the absence of Kelly sidebands, and the intracavity pulse peak power remains low, as the pulse is
highly chirped. High peak powers and femtosecond pulse duration can be obtained after dispersion

compensation.
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2.4.4 Self-similar pulses

By taking advantage of the gain medium, it is possible to generate pulses that are self-similar,
which means that their normalized temporal profile is unchanged during propagation in the ampli-
fying medium [146]. It is the case of parabolic pulses, which are also referred to as “similaritons”.
As they propagate, self-similar pulses grow in temporal duration and peak power. At the same
time, their spectral bandwidth increases, without generating sidebands contrary to pulses which
undergo wavebreaking during propagation in normal dispersion. These pulses therefore carry a
large amount of energy, and their linear chirp enables compression by dispersion compensation.

Lasers including self-similar propagation have been proposed recently [86, 147-149].

2.4.5 The noiselike pulse regime

Horowitz et al. reported in 1997 that fiber lasers mode-locked by NPR could enter another
kind of regime, which they called “noiselike”, because the autocorrelation figure of the observed
pulses was typical of the intensity autocorrelation of a noisy pattern of picosecond duration [18].
Moreover, the acquired spectrum of such pulses is very smooth and spreads over tens of nanome-
ters. Their autocorrelation figure is composed of a sharp peak with a duration of about a hundred
femtoseconds, superimposed to a Gaussian whose maxima stands at 50% of the peak SHG power.
In the time-domain, therefore, fast varying oscillations in the femtosecond range are confined in
a pulse envelope of several picoseconds.

In their first paper, Horowitz et al. also suggest that in this operation regime, the pulse-to-pulse
changes are significant and indicates that the locking of the modes is therefore only partial, as
suggested by numerical simulations.

If their investigation included only cavities in average anomalous chromatic dispersion, it
was shown later than this NLP regime could also be sustained in cavities of average normal
dispersion [144]. In this case, the cavity does not support the propagation of solitons, and the
pulse is only shaped by the gain provided. In this case, by the erbium fiber of the cavity, forming
a so-called “gain-guided soliton”, as described in Section 2.4.3.2. Tang et al. explain the process
of noiselike pulse generation in cavities with anomalous dispersion [150]. As the gain in the
cavity is increased, the circulating soliton experiences positive feedback in the cavity, increasing

its peak power. At some threshold, the increase of the soliton peak power decreases the cavity
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transmission, hence inducing negative feedback. From this point, increasing the laser gain only
amplifies the dispersive waves and soliton background. Their interference with the actual pulse

leads to noiselike pulse generation [151].

2.4.6 Cascaded regeneration

In this section, the SPM-OF regenerator is introduced. This component constitutes a basic

block of regenerative laser sources, which are the subject of Chapter 4.

2.4.6.1 The SPM-OF regenerator

Developed with communications systems in mind in 1998, the SPM-OF regenerator, depicted
in Fig. 2.23, is an optical setup that aims at improving the signal over noise ratio (SNR) which
tends to decrease with increasing propagation distances [152]. Distortions occur as a result of
processing operations such as reamplification, switching or demultiplexing. The SPM-OF regen-
erator is composed of two main components: a HNLF, preferably featuring normal dispersion,
and a band-pass filter (BPF). During propagation in the HNLF, the signal undergoes SPM, which
results in an intensity dependent spectral broadening. A BPF, spectrally offset with respect to the
central wavelength wy. The output intensity of the signal is related to the spectral distance Awgyse
between the signal and the filter with a nonlinear power transfer function. Low intensity fluctua-
tions are filtered out (logical zeros), for they do not undergo any spectral broadening, while pulses

of sufficient intensity are kept (logical ones). The output pulses are essentially transform-limited.

HNLF
L @ » BPF
Input =2 Output

Pl PSDl BPF P{
t 3 t

Figure 2.23 — Schematic of a SPM-OF regenerator.
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Taking into account SPM only, the spectral bandwidth of the broadened pulse is [152]:
Awspy = Awo%rnz[pL (2.59)
where Awy is the pulse bandwidth. for pulses of various intensities I,,, a nonlinear refractive index
no, a central wavelength A and a nonlinear medium of length L. The pulse is rejected by the filter
if wspnm/2 < Awgpisr, and passes otherwise.
The pulses after regeneration are close to their transform limit, therefore the intensity of the
output pulse intensity I, is proportional to the power spectral density (PSD) of the input signal,

and one can write :

dl I
[~ = 2.60
dw AwSpM ( )
Using Eq. (2.60) in Eq. (2.59),
Iy -1
I, ~ = A" Awy2mns L (2.61)
Awspym

and surprisingly the output intensity is independent of the input intensity. The SPM-OF re-
generator therefore equalizes the level of the output signal.

In two different configurations, the power transfer function is depicted in Fig. 2.24. It can be
noted signals passing through such a generator experience a loss of about 10 dB.

P.V. Mamyshev also suggests the use of two regenerators in cascade, which flattens the power
transfer function, and resets the signal to its initial wavelength. The insertion of amplifiers between
each regeneration stage forms a reshaping and reamplification (2R) regenerator as illustrated in
Fig. 2.25.

In conclusion, the SPM-OF regenerator is a simple all-optical regeneration system which lowers
the amplitude fluctuations and operates at any signal bitrate, because of the quasi-instantaneous
response of the Kerr effect. Analysis of the properties of SPM-OF regenerators have been conducted
by several groups, and it was shown that 2R regenerators improve the overall bit error ratio
(BER) [153], could operate with specialty fibers such as chalcogenide for compactness [154], and
could take advantage of design rules to optimize their operation [155-157]. The generation of
pulses from an incoherent wave with a series of cascaded regenerators was also investigated [149,

158].



47 CHAPTER 2. BASIC CONCEPTS

= 40 350
= FO =4 nm - Simulation E FO = 4 nm - Simulation
é ©  FO =4 nm - Experiment é 300 ©  FO=4nm - Experiment
5 30+ FO =2 nm - Simulation 5 250! FO =2 nm - Simulation
S © FO=2nm-Experiment = o FO =2 nm - Experiment
<) o, <) 6
o o AN a 200}
4 20 [ o ( —C 4 200000 00L)
S 5/% ™, S 150/ i
o g o o
3 g 5 100
= dD/ f 0.4 nm = 0.9 nm
5 £ BPF S5 50t BPF  output
3 M ner () g oup 3 50 ¢ 4 : () g oue
e s 0 w s
1 2 3 2 3
Input Peak Power [W] Input Peak Power [W]

Figure 2.24 — Power transfer function of a SPM-OF regenerator with filters of 0.4 nm and 0.9 nm
bandwidth, and a filter offset of 2 and 4 nm. From [16], reproduced with permission.. FO: filter

offset.
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Figure 2.25 — SPM-OF 2R regenerator.
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2.5 Summary

Figure 2.26 depicts the first apparition of each self-pulsating source described in Section 2.4:
the top part of the figure lists the date of proposition for each pulse generation technique, while
the bottom part of the figure represents the output pulse temporal duration and repetition rate.
With this representation, free-space and fiber lasers are clearly separated, with the exception of
the frequency-comb SBS laser, that operates at a high frequency > 10 GHz. Obviously, the criteria
of pulse duration and repetition rate do not fully highlight all properties of pulses generated by
these laser architectures, since for instance regenerative sources are aperiodic and support more
than a single pulse in their cavity. Nevertheless, this representation enables quick comparisons
between these techniques of pulse ignition. Table 2.2 summarizes these techniques and provides
the appropriate references. Generally, fiber lasers operate at lower repetition rates because of the
significant length of fibers required for each component, contrary to free-space setups that are
more delicate, but compact. The pulse duration is often limited by the chromatic dispersion in the
laser, which again is often harder to compensate in all-fiber cavities. Nevertheless, setups taking
advantage of x*) nonlinearity usually require low input pump power to trigger the pulsed regime.

In this thesis, fiber lasers are designed in cavities exceeding 1 km, because silica HNLFs are
required to trigger pulses. The output pulse duration is nevertheless short, despite a kHz repetition

rate.



CHAPTER 2. BASIC CONCEPTS

Repetition rate [Hz]

KLM (Spence et al, Piché et al.) SPM-SSFS
(North and Rochette)
% NALM (Fermann et al.) FC (Del'Haye)
g
E NLM (Stankov et al.) 2R (Pitois, Rochette et al.)
8 CSM (DeSalvo et al.)
= CPM (Fork et al.) NOLM (Doran et al.) QPS (Buchvarov et al.) SRS (Spence et al.)
L 1 1 1 1 1 1
1980 1985 1990 1995 2000 2005 2010
Free space A
. FC-SBS (Loranger et al.
1010 E _ Fiber based v ( v ¢ ) T
Semiconductor based v 1
EMI (Sil I
9 L S (Si berbeé%?t(ﬁ;;gen and Eilenberger) a
107 [ v v 1
Bragg ref. (Tsuda etal.) NLM,FL (Stankov etal) 4
A QPS (Couderc et al.) A
8 KLM (S ?F’IM (Fork et al.) ML.SAT (I AI NLM,CW (Cerullo et al.)
10° (Spenceetal) = & SAT (lppen et al.) cSMA4Cerullo et al.) §
A
107 F .
NPR-NLP (Horowitz et al.)
NALM (Duling et al.) v
v J
NPR (Matsas et al.) NOLM (Whitaker et al.)
10° F Active ML (1964) v v .
o ML, SAT (1966) B
QS, SAT (1965)
NPR (1977) i
2R-SSFS (North and Rochette) 2R (Rochette et al.)
5L _
10 . . | . . | . vV .V . . L .
10714 10713 10712 107" 10710

Pulse duration [s]

Figure 2.26 — Techniques for the generation of ultrashort pulses. Top: Prediction or first demon-

stration. Bottom: Pulse duration and repetition rate reported or inferred.
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Technique description (1980 - )

Author and reference

CPM (1981)
NLM (1988)
NOLM (1988)
NALM (1990)
KLM (1990)
CSM (1992)
QPS (1997)
FC (2007)
SRS (2007)
2R (2008)

Colliding pulse mode-locking (Fork et al.) [103]
Nonlinear mirror (Stankov et al.) [123]

Nonlinear optical loop mirror (Doran et al.) [84]
Nonlinear amplifying loop mirror (Fermann et al.) [85]
Kerr-lens mode-locking (Spence et al., Piché et al.) [9, 97]
Cascaded second-order mode-locking (DeSalvo et al.) [129]
Quadratic polarization switching (Buchvarov et al.) [134]
Frequency comb source (Del’Haye et al.) [109]
Mode-locking w/ stimulated Raman scattering (Spence et al.) [137]
Cascaded 2R regeneration (Pitois et al. [149], Rochette et al. [17])

Experiment name and author

Description

Active ML (Hargrove et al., 1964)
QS, SAT (Hercher et al., 1965)
ML, SAT (DeMaria et al., 1966)

ML, SAT (Ippen et al.,1972)
ML, NPR (Sala et al., 1977)
SEMI (Silberberg et al., 1984)
NLM, FL (Stankov et al., 1988)
NOLM (Whitaker et al., 1990)
KLM (Spence et al., 1991)
NALM (Duling et al., 1991)
NPR (Matsas et al., 1992)
NLM, CW (Cerullo et al., 1994)
Bragg ref. (Tsuda et al., 1995)
CSM (Cerullo et al., 1995)
NPR-NLP (Horowitz et al., 1997)
QPS (Couderc et al., 1999)
2R (Rochette et al., 2008)
SSFS-2R (North and Rochette, 2012)
FC-SBS (Loranger et al., 2012)

Mode-locking via intracavity modulations [78]
Single-mode operation, Q-switched ruby laser [159]
Mode-locking with a bleachable dye [160]
Passive-locking with a saturable absorber, single-pulse operation [114]
Mode-locking via NPR in free-space [161]

Passive mode-locking with a semiconductor saturable absorber [162]
Nonlinear mirror, pumped by a flash lamp [121]
Mode-locking with an NOLM [163]

Kerr lens mode-locking without aperturing [9]
Mode-locking via an all-fiber amplifying loop mirror [164]
Mode-locking via NPR in a fiber laser [165]
Mode-locking via a nonlinear mirror, pumped by a CW [166]
Saturable Bragg reflector[139]

Cascaded second-order mode-locking [132]

Noiselike pulse generation in a fiber laser [18]
Mode-locking with QPS [135].

Pulse generation via cascaded 2R regeneration [17]

Pulse generation via SPM and SSFS [22]

Frequency comb source via SBS [111]

Table 2.2 — Summary of the techniques for pulse generation in free space and fiber lasers.
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Chapter 3
A tool for simulating pulse propagation

In order to have a good understanding of the underlying mechanism of pulsed lasers, their
simulation with a numerical model is absolutely essential. Even without a perfect model, a good
match between experiments and simulations can be achieved. The temporal duration, spectral
features, and energy of the circulating pulses can thus match the measured data and illustrate
the complex behaviour of nonlinear systems. Laser architectures, including a fast saturable ab-
sorber as a trigger for mode-locking in a resonator, are well described by the master equation
introduced by Haus et al. in 1991 [142]. Although very convenient for providing analytical solu-
tions for the steady-state of pulses circulating in optical cavities, the master equation is subject
to approximations that do not always hold. It is therefore usual to employ numerical methods
to solve the differential equations describing the propagation of optical pulses in optical fibers,
especially when the nonlinear effects play an import role. Other kinds of pulsed lasers, including
the ones presented in Chapters 4 and 5, can not be modelled with the master equation, and nu-
merical methods are required to describe the propagation of pulses. To achieve this, the GNLSE of
Eq. (3.1) is generally solved with the split-step Fourier method [38], which integrates separately

the dispersive terms, that are linear, and the nonlinear terms.
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The nonlinear term is evaluated in the time-domain, while the dispersive terms are computed
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in the frequency domain via the use of a Fourier transform. More recently, a Runge-Kutta method
of order 4 was demonstrated to solve the GNLSE with a better accuracy [167].

The simulation of pulse propagation in optical fibers is widespread for the study of nonlinear
phenomenon such as SC generation as well as the study of mixing effects in communications
systems, for example. Numerical methods are used to model pulses circulating in laser cavities, and
provide a good model of DM solitons. However, a large number of numerical evaluations of the
GNLSE have to be achieved. In order for the solution of these equations to converge, the time spent
in the simulation of each propagation in an optical fiber can be of several minutes. For instance,
it was reported recently that the simulation of the formation and propagation of noiselike pulses,
wave-packets of several picoseconds containing fast and random oscillations in the femtosecond
range, could require 48 hours for 2000 cavity round-trips [168]. Other kinds of pulsed laser cavities
based on optical regeneration suffer from similar problems [22]. The large amount of nonlinearity
required to trigger pulses are also demanding in terms of computational power, and the analysis
of such lasers can take days or even months, to be completed, especially when higher order
nonlinear effects are included. Fortunately, the numerical solution of the GNLSE can be paralleled
to a certain extent. Even though the step-by-step propagation through the nonlinear medium is
inherently sequential, all operations from one step to another can be paralleled either because
they are element-wise computations, or because they are Fourier transforms. A solver for the
multidimensional nonlinear Schrédinger equation was reported for Matlab including a serial and a
graphics processing unit (GPU)-based implementation of the Runge-Kutta of order 4 method [169].
Several papers report speedups obtained by the implementation of the SSFS on a GPU [170-172].

For this thesis, a portable simulator, inspired by [173], was specifically designed for pulsed laser
cavities. It is written in Python and takes advantage of numerous packages, such as Reikna [174],
PyOpenCL [175], PyTables [176], Numpy [177], and SciPy [178], among others.

3.1 Design and implementation

Python was chosen as main language for its simplicity and the availability of numerous scien-
tific packages. The program is object-oriented, usable interactively from an IPython shell [179],
from a description file, or via a monitoring graphical user interface (GUI). Each optical component

is described in a Python object, and inherits from methods of a Device class.
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3.1.1 Optical components

The simulator implements several optical components. The propagation inside nonlinear fibers
is implemented on the central processing unit (CPU) and on the GPU, with both the SSFS and the
Runge-Kutta in the interaction picture (RK4IP) methods. The SSFS method is implemented with
a fixed step size h, and also implements a system of coupled equations that allow the modelling
of the two orthogonal polarization states of an optical fiber. The global error of the SSFS method
is second-order in the step size, O(h2). The RK4IP method, however, is implemented with an
adaptive step size, in order to provide a lower-bound to the error in between each spatial step
h [180]. Its convergence is fourth-order accurate O(h*) [167].

Single-mode fibers can be described easily from their main characteristics: their nonlinearity
in W'm™, the second- and third order dispersion parameters (3 and (33 in psnm ' km™ and
psnm?km™ , their length L in meters, and their attenuation agg in dB m™. Optionally, the self-
steepening effect can be included, as well as the Raman effect via a constant T in fs. It is also
possible to replace the dispersion constants with a dispersion curve specifying S5(w), or to include
a wavelength-dependent transmission. The method to use, as well as its implementation can be
specified for each fiber. For visualization purposes, the pulse profile at each spatial step or at a
custom series of steps can be saved to a hierarchical data format (HDF) file [181].

Band-pass filters compute the transmission of an input signal in the frequency domain via
a fast Fourier transform (FFT), computed on the CPU. A Python wrapper, anfft, uses the multi-
threaded FFTW [182] library. Gaussian or custom filter profiles can be specified via an external
file. A fixed or user-defined wavelength shifting can be provided by the means of a 1ambda
function related to the current cavity-round trip.

A time-domain filter is also implemented. It is especially useful when visualizing the spectrum
of a given pulse in the simulation’s temporal window in presence of other pulses, inducing a
beating in the spectral domain. The filter can be temporally fixed, or follow the peak power of the
temporal signal. Its shape is super-Gaussian with a custom order.

Erbium and thulium doped amplifiers are provided, with a simple yet satisfactory implemen-
tation, relating the input power P, to the output power P, via Eq. (4.2).

Other components relative to polarization are available: a linear polarizer with a custom angle
with respect to the principal axis, a polarization retarder, inducing a delay to the principal axis,

and a polarization rotator [41]. Pulses or custom data sources can be specified as a seed for the
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simulated setup.

3.1.2 GPU implementation

The program relies on PyOpenCL to compile and run kernels on the GPU. Another abstraction
layer, reikna [175], provides an efficient paralleled FFT implementation, and type abstractions.
FFTs and element-wise operations on complex numbers can therefore be written in C, plus some
specific syntax dealing with the data type. The computations are fully executed on the GPU, and
does not move data to and from the CPU, an operation which is extremely time consuming,.

In Fig. 3.1, a comparison is made between the speed provided by the CPU and GPU implemen-
tations of the RK4IP and the split-step Fourier method. The graphic card used in this comparison
is a Nvidia GeForce GTX 470, and the host computer an Intel i7 quad-core, 2.80 GHz. This graphic
card is not designed to efficiently handle double-precision operations, which explains the lim-
ited speedup observed when using full precision. Two CPU implementations are available. The
first one is written in pure Python/NumPy, whereas the second one takes advantage of the nu-
mexpr virtual machine. The pure Python/NumPy CPU implementation is serial, except for the
FFTs, which are handled by FFTW. The main penalty of this implementation is the creation of
temporaries during elementwise operations [183]. Numexpr ' is a just-in-time compiler, which
parallelizes elementwise expressions, and avoids the creation of temporaries. The time taken in
that process, however, has a limited effect and can be estimated by comparing the efficiency of
the CPU implementation and the CPU-numexpr one: the speedup does not exceed a factor of two.

Most of the time is spent in computing Fourier transforms, which is O(nlogn).

3.1.3 The Python user interface

The simulation software can be used programmatically. Defining a setup to simulate is done in
the following order: 1) an instance of the Gparam () class is created, and the simulation time and
frequency steps are defined. 2) Components are created as instances of their respective class, and
their parameters as set. 3) Components are linked together with their set_input () method.

Finally, each component is run by executing its run () method.

1. Available at https://github.com/pydata/numexpr under the MIT license.
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The following code snippet simulates the nonlinear compression of a picosecond pulse. Three
components are initialized: an initial pulse of 25 ps, a nonlinear fiber in normal dispersion, and
purely dispersive fiber. Spectral broadening occurs due to the conjugated effects of SPM and
dispersion, adding a quasi-linear chirp to the pulse. By compensation of the dispersion, the pulse

is recompressed to less than 1 ps.

3.1.4 The text-based setup description

Another way to describe an experimental setup is by the creation of a configuration file. Its
simple syntax is similar to the one of INI files, and includes sections containing key = value
keywords. The params section is mandatory, and provides information about the simulation
time and frequency vectors. It is in fact directly linked with the previously mentioned Gparam
class. Each optical component is described in a section, and pairs of key and values provide the
required simulation parameters. Values are evaluated by the Python interpreter, and can therefore
be 1ambdas or expanded computations. An optical device can specify its input as the output of
another component, and an initial seed to the simulation can be provided in a different section,
with a target device. The program is executed via a parser that reads the configuration file, and
connects the components. Only one cycle, detected with Tarjan’s strongly connected components
algorithm is allowed in the device graph [184]. A Breadth-first tree traversal is computed, and
each device is executed sequentially. Devices and their children, that do not belong to the main
cycle, can be executed in parallel.

The components described via the text interface of are simulated, started from the seed, and
the simulated graph can be visualized as depicted in Fig. 3.2. Details regarding the code required

for this experiment is available in Appendix A.1.

3.1.5 Supervision user interface

In order to monitor long simulations, a Python-based interface was written, and the simulator
presented in this chapter was improved. During the simulation, the object corresponding to each
device is sent via a socket to a monitoring interface, if the latter is running. Multiple simulations,
running in parallel, can be monitored from this interface, and the input and output temporal and

spectral graphs are readily available. Moreover, spectrograms can be computed directly from these



57 CHAPTER 3. A TOOL FOR SIMULATING PULSE PROPAGATION
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Figure 3.2 — Graph of the simulated setup.

results, independently of the state of the simulation. Figure 3.3 illustrates the user interface of this
program, based on PyQtGraph.
In order to obtain decent performances and minimize the network traffic, the Blosc compressor

is used. A patch was written to enable concurrency for the Blosc library, which was not re-entrant 2.

3.2 Conclusion

In summary, a flexible software to simulate pulse propagation in nonlinear cavities was pre-
sented. By exploiting the capabilities of GPUs, a typical speedup of 20x facilitates the modelling
of complex setups. A unified and independent interface permits on-the-fly data visualization from
simulations running on different physical computers. The program is written in Python, and re-
lies on free software libraries, thus permitting its use on different computing platforms without
licensing costs. A simulations presented in the next chapter take advantage of this software, and
have required a computing ranging from a few seconds to several days, when a large number of

cavity round-trips was required to reach a steady-state.

2. The corresponding patch  was integrated  upstream, from pull  request = #16:
https://github.com/FrancescAlted/blosc/pull/16
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Chapter 4

Regenerative SPM sources

4.1 Introduction

Self-pulsating sources based on cascaded regeneration are a new alternative to conventional
mode-locked sources mainly based on saturable absorption via APM. Designs of fiber mode-locked
sources feature this mode-locking technique most of the time, and other kinds of lasers take advan-
tage of semiconductor saturable absorbers [83, 113], defining a fixed phase relationship between
the propagating modes. Sources based on cascaded regeneration, however, do not allow a phase-
locked laser oscillation as described in Section 2.4.2, but rather converge towards the propagation
of a so-called “eigenpulse”, which undergoes periodic changes in its profile and spectrum and is
regenerated after every cavity round-trip [17]. Regenerative sources have three main operation
regimes. In the degenerate case, the source outputs a CW signal. Otherwise, the source sponta-
neously generates pulses from noise in a self-pulsating (SP) regime, or sustain existing pulses in
the pulse-buffering (PB) regime. Unlike conventional mode-locked sources, regenerative sources
support the propagation of ultrashort pulses even in cavities as large as ~ 2 km, they are insensi-
tive to polarization and can sustain one or more pulses in their cavity. Incidentally, the architecture
of regenerative sources directly enables nonlinear pulse compression at its output from the SPM
broadened pulse spectrum [16]. Furthermore, it was shown in [16] that the experimental behavior
of this cavity configuration was well predicted by numerical models.

Optimization rules for 2R regenerators were reported previously [153, 155-157, 185], and
a theoretical study of cascaded 2R regenerators was performed by Pitois et al. [149, 158]. In
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the latter references, the authors describe the evolution of noise and pulses that are inputed to
cascaded regenerators with controlled amounts of chromatic dispersion, nonlinearity and filter
offset. In contrast with the regenerator cascade of [149], a self-pulsating source based on cascaded
regenerators takes advantage of the saturable nature of the amplifiers in order to determine the
dynamics of pulse propagation.

In this chapter, the ignition conditions of self-pulsating sources are investigated numerically in
the SP regime for filter spectral bandwidth between 0.1 nm to 4 nm and adequate filter offsets. We
also describe the source operation in PB regime, and show the importance of chromatic dispersion
to ensure stability. Finally, an experimental implementation of regenerative sources operating at
large filter bandwidth is presented. In such configurations, the pulse energy is maximized, while
their temporal duration remains as short as 2 ps. The limit case of a pair of high- and low-pass

filters is experimentally tested, and compared with simulations.

4.2 Operation principle of regenerative sources

In this section, the steady-state operation as well as the pulse ignition in regenerative sources
is introduced.

Figure 4.1(a) illustrates paired regenerators 12, » in a closed loop, composed of two HNLFs with
normal dispersion, two tunable band-pass filters, and two erbium-doped fiber amplifiers (EDFAs).
The numerical model used in this work is based on experimental values reported in [16]. For sim-
plicity, the modelled setup is symmetrical and both HNLFs have the same parameters: a constant
waveguide nonlinear coefficient v = 12.5 W™ km™, a variable chromatic dispersion coefficient D
in psnm™ km™?, a fixed dispersion slope S = 0.0074 ps/(nm?-km), a fixed loss o = 1.86 dBkm™
and a fixed length L = 1007 m. The EDFAs are characterized by an unsaturated gain GGy and a satu-
ration power P;,;. They also contain an isolator to ensure unidirectional operation. The band-pass
filters BPF, and BPF, are spectrally centered at \; » with a FWHM bandwidth €2, 5. The spectral
offset between BPF; and BPF; is A\; — Ao = A. Figure 4.1(b) depicts the main spectral features of
the source at their operation wavelengths A\; and \,. Pulses propagating in HNLF; at A\, undergo
spectral broadening by the conjugated effects of SPM and dispersion. After filtering at BPF; and
reamplification a similar spectral broadening is experienced by pulses in HNLF,, and finally BPF,

reestablished )\, as the central wavelength for the next cavity round-trip. In Fig. 4.2 (a) and (b), the
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Figure 4.1 — Source setup: (a) paired regenerators in closed loop, (b) SPM broadening and offset
filtering.
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temporal and spectral power profile of an eigenpulse is shown as a function of the propagation
distance. During propagation in the HNLF, the pulse broadens in the first 300 m and then acquires
a pedestal. Its final FWHM duration is 10 x higher than its initial duration. Spectrally, oscillations
due to SPM build up in the first 200 m. The conjugated effects of SPM and dispersion then flatten
the central part of the spectrum, and transfer energy towards its edges. Figure 4.2 (c) presents the
process of pulse generation from ASE. At each cavity round-trip, pulses are shaped from noisy
components of high intensities, and the background diminishes for intensities below the threshold
of SPM-OF regenerators.

The source is observed at outputs O;_4, and after nonlinear compression at (. Figure 4.3 is
an experimental FROG spectrogram of the source output at O, depicting a chirped pulse at the
output of a BPF of 1 nm of bandwidth.

Regenerative sources naturally provide a convenient architecture for nonlinear pulse com-
pression [186]. After the HNLF in normal dispersion, the eigenpulses undergo a large amount of
chirp and spread temporally and spectrally by SPM, with a decreasing peak power. Amplification
can be achieved without the interference of nonlinear effects due to high peak powers. With the
addition of a segment of dispersive fiber, a chirp of opposite sign compresses the amplified pulse,

whose bandwidth is largely increased by SPM. Such a pulse is shown in Fig. 4.4.

4.2.1 Numerical model

Propagation through all segments of fiber is described by the nonlinear Schrodinger equation,

0A A i 0*A 1 0*A

-t 3 o TP
. i 0 0| Al?

taking into account the effects of chromatic dispersion of the second (3;) and third (3s3) orders,
the nonlinearity (), the medium attenuation (), self-steepening and the Raman effect (T3 = 3 fs).
Also in Eq. (4.1), A is the electric field, T" the time, wy the carrier frequency, and i = v—T1.

Equation (4.1) is solved numerically using the fourth order RK4IP with an adaptive step
size [167, 180], on an Nvidia GeForce GTX 550Ti using Reikna [174] on top of PyOpenCL [175],

with 215 sample points in time and frequency, for a large temporal window and a good temporal
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and spectral resolution. Amplifiers are characterized by a saturable output power F,,; modeled

as the following [187]:

(4.2)

Pou - R
Pout = PznGO €xXp |:_t—:|

Poat
where P,,; is related to the input power P;,, with the small signal gain G and the saturation power
Ps.i:. When explicitly specified, the amplifier noise is included in the calculations [47]. A single
polarization component is considered to interfere with the oscillating signal, the other component
being orthogonal. The total ASE power
0
Pisg = / nsphvo(G — 1) Ha(v — 1vp)dv (4.3)
—o0
where ng, = 2 is the spontaneous-emission factor, /1 the Planck constant, G is the gain, 1 is the
central frequency, and H, is the gain profile approximated by a tapered cosine window in the
range 1525 nm to 1560 nm [188]. Band-pass filters are modeled with a Gaussian profile, and a real
response is assumed. Loss is neglected in all components, except for the HNLFs.

The source self-starts from spontaneous emission. A minimum of 20 cavity round-trips are
performed for each simulation to assess whether self-starting occurs or not. When self-starting
occurs, a steady-state is usually reached within the first 15 cavity round-trips. The setup of Fig. 4.1
is observed at outputs O; _4, and a time-domain filter, numerically implemented, is added at outputs
O, and O, providing two additional outputs. These filters are super-Gaussians of order 10, and
are centered over the most powerful pulse with a temporal duration of 3 the pulse FWHM. The
Fourier transformed signal therefore shows a profile cleared of the beats induced by the presence

of multiple pulses, and spectral features can be measured more accurately.

4.3 Results

In Section 4.3.1, the operation of the self-pulsating source of Fig. 4.1 is observed under a set
of different configurations. We assess its ability to self-start from ASE under several values of
gain, spectral offset A, and filter bandwidth (). In subsection 4.3.2, one BPF is spectrally shifted
once the source has reached a self-pulsating state. In this process, the output pulse properties
are investigated and the source stability is analyzed in terms of time and amplitude jitter in

Section 4.3.3.
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4.3.1 Self-starting conditions: contribution of the filter offset

The experimental values of Sun et al. [16] are being used for the following simulations: at
Ao = 1550nm, D = -0.69psnm 'km™ , S = 0.0074psnm?km™ , & = 1.86 dB. The saturation
power, however, is reduced to 6 dBm to limit the number of pulses in the cavity, to avoid overlaps
and therefore facilitate the extraction of pulses from the temporal signal.

There are three regimes of operation for a self-pulsating source, depending on the filter spacing
A, as pointed out in [16]. Increasing the value from A = 0, the emission transforms from a CW
regime, to a SP regime, to a PB regime. In the latter, only existing pulses are sustained, and the
source cannot ignite pulses from ASE noise for example when the doped fibers are pumped with
increasing power. To assist the realization of such sources, it is necessary to describe the conditions
for self-starting, their relationship to the filter offset, the filter spectral bandwidth and the available
amplifier gain. Numerical simulations show that the transition between the CW and the SP regimes
with increasing A occurs gradually. Gaussian pulses build up in the cavity in the first 20 cavity
round-trips, but also coexist with CW components, forming a noisy pulsed signal in time, with
a noise amplitude that decreases with increasing A. Experimentally, the wavelength dependent
attenuation introduced by the cavity components leads to a co-propagating amplified ASE signal.
Figure 4.5(a) shows the coexistence of these signals in the time domain, with an amplitude jitter
of ~ 4% in power, and Fig. 4.5(b) depicts the corresponding spectrum.

An appropriate time-domain filtering confirms that the pulses profiles in time are associated
with the sidelobes of the spectrum, under the influence of SPM, while the noisy signal in time
stands spectrally at the intersection of the BPFs.

In a first series of simulations, the operating regimes which allow self-starting are shown as a
function of the amplifier gain and the filter spectral offset, from an initial invariant ASE spectrum.
In Fig. 4.6, the normalized filter offset F' = A /() is considered, and the source is in a pure pulsing
regime with a clear background when F' 2 1.7. Figure 4.6 shows the number of oscillating pulses,
as well as the ratio of noise over signal power, for several filter bandwidths. Self-starting at large
A is also enabled by an increased gain, but the number of propagating pulses saturates due to
the fixed P;,; = 6 dBm. It may be noted that for a bandwidth 2 = 0.9nm and Gy, =~ 100,
the operation region spreads from 1.6 nm to 2.2 nm, which corresponds well with the behavior
observed experimentally, in Fig. 4 of [16] reproduced in 4.5(c). The leftmost gradient of Fig. 4.6(aa)

— (ff) indicates the decrease of noise as A increases, and the yellow rightmost region indicates
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the absence of pulses in the cavity. In [16], self-pulsing operation is demonstrated with filters of
bandwidth of 0.4 nm and 0.9 nm, but this bandwidth can be increased safely at least up to 4.0 nm
and more without preventing self-pulsation. For this particular nonlinear medium, a wide range
of filter bandwidths leads to self-pulsation. The two conditions for generation of eigenpulses are
1) an adequate spectral separation A between the band-pass filter that does at the same time favor
pulses over CW oscillation and tolerate an initial ASE propagation, 2) an amplifier gain which is
sufficient to trigger SPM broadening from the ASE. Qualitatively, in the case of pulses that are
temporally long, for a small filter bandwidth (2, requirement 2) may be difficult to attain. At large
filter bandwidths, the spectral content is more likely to produce a fast varying intensity profile,
whose slope induces important amounts of spectral broadening by SPM. In this case, the amplifier
gain must be sufficient to sustain pulses of that power spectral density in spite of other cavity

losses.

4.3.2 Transition in between the self-pulsating and pulse-buffering regimes

Practically, tuning one BPF towards the PB regime is interesting. High values of the normalized
filter offset improve the signal over noise ratio, and diminishes the number of pulses in the cavity.
Their peak power is therefore increased, and ultrashort pulses can be generated by nonlinear
compression at (;. In this series of simulations, the source is started from ASE noise with a
spectral offset of A = 1.7 nm, in SP regime, and spawns 14 pulses in the simulation’s temporal
window. The band-pass filter has a spectral FWHM of 0.9 nm, and the unsaturated gain Gy = 200,
with P, = 9 dBm.

In order to attain the PB regime, BPF; must be spectrally shifted towards longer wavelengths,
which can be done experimentally with tunable filters. To ensure a smooth transition, by leaving
the circulating pulses unaffected, the filter is shifted by 5 pm at each consecutive cavity round-trip.
Because the time window of 1 ns used in simulations is much shorter than the round-trip period of
the source of ~ 10 ps, the number of pulses that circulate in the cavity is limited by the sampling
window. Sharp transitions occur when the number of pulses changes, as the available power is
redistributed among the remaining ones. Experimentally, however, one can expect to observe a
smoother behavior, since ~ 10*x more pulses can coexist in the cavity, when the cavity size is
~ 2km. In Fig. 4.7, the source is started from ASE and 14 pulses circulate in the simulation’s

temporal window. After 15 cavity round-trips, filter BPF; is shifted at a rate of 5 pm/round-trip.
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Figure 4.7(a) depicts the efficiency of the source, the number of pulses in the cavity, the EDFA gain,
and the peak power of circulating pulses as a function of the spectral separation of the BPFs. A
maximum of ~ 13.5% of transmission is reached at a filter offset of 2.6 nm. This corresponds to the
position of the first SPM lobe for a nonlinear phase-shift of ~ 27 [38]. The discrepancy in gain and
pulse peak power, particularly visible at high A, indicates that the source tends to lose its unique
eigenpulse in favor of two different pulses, one per HNLF. Although pulses are of similar FWHM,
the third order dispersion of the HNLFs induces an asymmetry on their spectrum [189]. With
fibers featuring a positive dispersion slope, the blue-most filter BPF; enables a higher transmission
than BPF;, which yields to pulses that are up to 12% more powerful compared to the ones out of
BPF,.

In Fig. 4.7(b), the output chirp slope and pulse FWHM, the pulse temporal FWHM, and the
bandwidth at BPF; are depicted as a function of the filter offset. Because the chirp is close to
linear, the chirp slope refers to the value of the chirp derivative at the position of maximal peak
power. In this particular configuration and in setups including a narrow BPF such as this one,
the chirp remains low for all A, and the pulse has a time-bandwidth product of 0.45. Aside from
the discrepancy in peak power, the outputs O, and O, are interchangeable. In Fig. 4.7(c), the
time and amplitude jitter are depicted as a function of the filter offset. The amplitude jitter is
defined as § P/ Py, where 0 P is the standard deviation of the peak power of all pulses visible in the
temporal window, and P, the median peak power. The time jitter measures the pulse-to-pulse time
difference between the current and the previous cavity round-trip. The amplitude jitter increases
significantly when a pulse is about to be discarded. Temporally, it is observed that most pulses are
unequally affected in this process, and undergo a reduction of their peak power. The nonlinear
power transfer function of cascaded regenerators quickly discards pulses of low peak power, and
a new stable state occurs. At all time, the timing jitter is stable and negligible in the cavity, which
is expected for a cascade of 2R regenerators. In Fig. 4.8(a) , from the configuration depicted in
Fig. 4.7, the spectral offset A is decreased once a stable single pulse operation is attained. The
amplifiers are modeled with spontaneous emission from Eq. (4.3). The single pulse propagating in
the cavity is sustained, and the source can not spawn new pulses from ASE when there is no filter
overlap, since the 2R regenerator intrinsically rejects ASE noise. It is only when A approaches
1.96 nm that new pulses are generated, marking the transition between the PB regime and the SP

regimes. In this process, simulations indicate that the amplifier noise is the predominant factor
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for the generation of new pulses in the cavity, rather than pulse-splitting, which occurs because
of the spectral overlap of the BPFs. The wavelength of transition between the SP and PB regimes

is hence different whether A is increased or decreased.

4.3.3 Stability: timing and amplitude jitter

As indicated by Fig. 4.8(a) and (b), the source shows an excellent stability over a wide wave-
length range. Once in PB regime, little chirp or peak power variation occur as A is altered. This
stability originates from the amount of chromatic dispersion accumulated in the HNLFs, which
prevents large spectral fluctuation induced by SPM alone. This amplitude jitter is associated with
the presence of multiple eigenpulses in the cavity, as reported in [149]. When pulses of different
peak power co-propagate, their group-velocity, associated with the effective refractive index, and
therefore related to their peak power, induces timing jitter and pulse collision. In comparison,
Fig. 4.9(a) features a HNLF with a dispersion D = -0.173 psnm ' km™'. Numerous instability
domains result from the insufficient amount of chromatic dispersion in the nonlinear medium,
for filter offset A larger than 5.5 nm. By observing the inset of Fig. 4.9(a), it is apparent that BPF,
intercepts the SPM-induced spectrum at a position where the slope of the spectrum is large. In
this case, for a fixed filter position, small amplitude variation at the input are translated into large
peak power variations at the output and the source experiences an amplitude and a timing jitter.
This unstable state is not necessarily permanent, since a pulse is occasionally discarded by pulse
collision, and hence resets the source to a stable operation. Figure 4.9(b), depicts the coexistence
of different eigenpulses in the source, in accordance with [149]. After self-starting, the temporal
simulation window contains 23 pulses. Collisions occur in that process, and the number of pulses
drops to 21 after 5000 cavity round trips. Since these eigenpulses have different group velocities,
collisions occur and ultimately only a single type of eigenpulse is sustained at the steady-state.
In regenerative sources, reaching optical wave-breaking is desirable, because this phenomenon
flattens the central part of the spectrum, as illustrated in the inset of Fig. 4.8(a). A large ratio of the
dispersive and nonlinear lengths Lp = T7/|3;| over Ly, = 1/(F,), ensures that wave-breaking
is reached. In addition to that, the input pulse sent to the HNLFs is always chirped, which accen-
tuates this effect. The loss in the HNLFs is also beneficial in terms of stability, because it decreases

the importance of nonlinearities while leaving the accumulated dispersion unaffected.



4.3. RESULTS

74

(a) Peak power at O,
————— Peak power at O
Power ratio at BPF,
—— Power ratio at BPF,

- Gain at EDFA;

Gain at EDFA,
Number of pulses

- o b 0.2
T T T :.\.l.. X m E'ET\I “hl‘n T
g T % - 0.18
» ““ N 0.16
? : 5
3 0.14 =
Q 3
B Q
N 0.12 <
610 ] g
£ o1 &
> =
Z 0.08 o
= 7
£ 0.06
5 g
© 0.04 ncf
1540 1545 1550 1555 B 002
Wavelength [nm]
1 1 1 1 1 | 0
2 4 6 10 12
Filter offset A [nm]
(b) 100 . L L ! 0
: %] s §
. >
5 90 @cyCIeZ = 102
= c
o [0}
o 85 -~ @cycle1 — -150
- [0)
o %)
g 80 7 H 203
75 T T T T — -25

3.6

3.8

4

4.2

4.4

Pulse duration [ps]

Figure 4.9 — (a) Peak power, power ratio, gain and number of pulses in the cavity for Gy = 200,
D = -0.173 psnm™ " km™". Inset: For round-trip #900, spectrum at Oy and Os. (b) Limit cycles for
D = 0.395psnm™ km™ and G, = 200.



75 CHAPTER 4. REGENERATIVE SPM SOURCES

4.3.4 Pulse properties in the PB regime

Previous work of Sun et al. [16] reveals that the chirp of output pulses after filtering increases
with the filter bandwidth. The reason behind this observation is that pulses that undergo SPM
in a medium of normal dispersion acquire a chirp which is close to linear, and corresponds in
the spectral domain to a linear delay function across the broadened spectrum. A broader filter
therefore captures spectral components that have a larger relative delay, leading to an increased
chirp. In the configuration (f) of Fig. 4.6 with a gain Gy, = 100, it is assessed that the pulses
could be recompressed down to 930 fs by the addition of single-mode fiber (SMF) at the output
O, in good agreement with [16]. This value is close (within 5%) to the value of 880 fs expected for
transform-limited pulses, confirming that the chirp is close to being linear. With a BPF bandwidth
of 6 nm, the chirp becomes nonlinear due the growing influence of the asymmetries in the SPM-
broadened spectrum. Along with the effects of third order dispersion, nonlinear recompression
at C therefore saturates at 210 fs for {2 =4nm and 6 nm despite the large available bandwidth
exceeding 20 nm. Nevertheless, the source shows an excellent stability at large BPF bandwidths,
as well as a good efficiency above 20% caused by a large amount of power captured at the filtering

stage.

It must also be pointed out that the FWHM of the filtered spectrum depends directly on the
shape of the broadened signal. After a filter that faces a dip in the SPM-broadened spectrum, the
output pulses can be up to 20% shorter in time than those for which the filter faces a local maximum.
Figure 4.10(a) illustrates this in the spectral domain, while Fig. 4.10(b) shows the corresponding
time-domain pulses, centered at the origin for simplicity. After a linear shift of BPF; towards longer
wavelengths in the PB regime, the distribution of temporal FWHM of the pulses emanating from
this displacement is presented in Fig. 4.11, when P,y = 9 dBm. The pulse width reported in this
figure is the median value of the FWHM of pulses visible in the time window, their variance being
negligible. Figure 4.11(c) and (d) present a larger dispersion of pulse widths due to the instabilities
encountered while altering the value of A. From that spectral position, if BPF; is shifted towards
shorter wavelengths, the number of pulses in the cavity remains fixed, at its minimum value. If
wavebreaking is reached due to an increased pulse peak power, the spectrum flattens as observed

in the inset of Fig. 4.8, and the distribution of temporal pulse duration will show no dispersion.
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Different positionnings of the band-pass filters with respect to the SPM-induced spectrum result

into different pulse duration and spectral width.
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4.3.5 Summary

A numerical study of self-pulsating sources based on cascaded regeneration was performed
for a set of cavity configurations. Self-starting is observed for a broad range of filter bandwidths,
gain values, and filter offsets. The ability of these sources to self-start depends on the gain of
the amplifiers being used, while the number of pulses is determined by the saturation power of
the amplifiers. Self-starting occurs with an unsaturated gain that decreases with increasing filter
spectral width. As well, the source enters the self-pulsating regime with filter bandwidths in the
range 0.1 nm to 4.0 nm, making this architecture very interesting in practice. The continuously
changing temporal profile eigenpulses propagating in the cavity is reminiscent of other types of
self-pulsating sources such as self-similar or stretched-pulse lasers. In these lasers, linearly chirped
pulses are propagating in the cavity, enabling high energies without impairments due to the excess
of nonlinearities inside the cavity. The regenerative sources architecture offers such advantages
as well, and limitations induced by excessive nonlinearities occur only in the PB regime, when the
cavity contains very few pulses. By design, regenerative sources however reject a relatively large
fraction of their spectrum at the filtering stages, and this is the main obstacle to the generation of
high energy pulses.

The third-order dispersion of the HNLFs introduces asymmetries in the spectral features of
output pulses, as shown in [189], which translate into output pulses of different energies after
each regeneration stage. The gain of the EDFAs can be adjusted relatively to the sign of 3 in
order to compensate for this discrepancy.

Pulse properties have also been investigated, and variations in the pulse duration occur in PB
regime as the spectral filter offset is altered. The pulse bandwidth is influenced by the shape of
the SPM-broadened spectrum after the HNLFs. Especially for large filters, it turns out that the
pulse duration can vary by ~ 20% mainly for this fact.

It could be tempting to increase the filter bandwidth in order to generate ultrashort pulses.
However, an additional chirp limits the expected pulse shortening. The addition of a standard SMF
leads to near transform-limited pulses after the BPFs, and simulations show that subpicosecond
pulses can be obtained without nonlinear compression at output O, 4. However, nonlinear recom-
pression is bound to the effects of third-order dispersion and to the limited spectral broadening
that pulses undergo in the nonlinear medium. Finally, amplitude and timing jitters are observed

in fibers that have large ratios of dispersive length over nonlinear lengths. This must be kept in
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mind for the conception of such sources that offer a high nonlinearity and for which the nonlinear
length is much smaller than the dispersion length. Such sources are more likely to be unstable if

operated with band-pass filters of relatively narrow spectral widths.

4.4 Design of a regenerative source of large bandwidth

Self-pulsating sources based on cascaded regeneration by self-phase modulation and offset
filtering are investigated experimentally using large filter bandwidths of 3.5 nm and higher. In this
configurations, less energy is wasted during the regeneration stage because the BPFs capture a
larger amount of spectral components contributing to the pulses. In accordance with the numerical
results of Section 4.3, such sources self-start from ASE, and picosecond pulses are sustained in
a nonlinear cavity. We provide numerical and experimental results indicating the generation of
2 ps pulses, and observe 0.4 ps pulses after dispersion compensation and amplification. We also
demonstrate that a pair of low- and high-pass filters also spawn pulses whose bandwidths are
determined by the combination of the filters and gain profile, hence simplifying the experimental

setup for short pulse generation.

4.4.1 Experimental setup

The self-pulsating cavity under study is depicted in Fig. 4.12(a), and resembles the design
of [17]. Instead of using BPFs tunable in wavelength only, filters that are adjustable in bandwidth
and tunable in wavelength are used. As shown in Fig. 4.12(b), such filters offer flexibility, but with
the downside that their spectral shapes deviate strongly from Gaussian, and are best fitted with
super-Gaussians. As a consequence of that and by the properties of the Fourier transform, the
temporal profile of the output pulses is expected to exhibit a pedestal. The HNLF has a waveguide
nonlinear coefficient ¥ = 11.5 W' km™, second- and third-order chromatic dispersion coefficients
D = -0.71 ps/(nm-km) and S = 0.0074 ps/(nm?-km) at a wavelength of 1550 nm for a length of
L =1007 m. BPF; is continuously tunable in bandwidth and wavelength in the C-band, and has
an insertion loss of 5.5dB. BPF; is adjustable by passing or blocking neighboring channels of
100 GHz. It has an insertion loss of 8 dB. Each circulator has an insertion loss of 2 dB, and each
output coupler O; has an insertion loss of 0.5 dB in addition to the loss resulting of their coupling

ratio. The EDFAs have a saturated output power of ~ 15dBm. Pulses centered at a wavelength of
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A1 undergo spectral broadening in the HNLF by SPM in a medium featuring normal dispersion. A
slice of that spectrum is preserved at BPF,. Amplification compensates for the loss in power, and
the pulses now centered at A\, propagate in the HNLF in the opposite direction. Their spectrum is
broadened by SPM, and part of that spectrum traverses BPF;, and is amplified at EDFA;, therefore
closing the loop. BPF; is first shifted towards the long wavelengths to trigger self-pulsation, and
then in the opposite direction to attain the PB regime. The source self-starts for any BPF bandwidth
smaller than 14.5 nm, which is the upper limit of tunability of BPF;.

In a first configuration, the bandwidth of BPF is set to 3.5 nm, and the 3 dB edge-to-edge spec-
tral separation between the filters is of 1.8 nm. The bandwidth of BPF; is of 3.2 nm. Output pulses
are observed in the time domain via a FROG. These measurements are compared with simula-
tions in Fig. 4.13. The numerical model includes super-Gaussian filters as described in Fig. 4.12(b),
and the HNLF is modeled including its second- and third-order dispersion coefficients. Nonlinear
propagation is modeled with a Runge-Kutta algorithm of order 4 on a GeForce GTX 470 processor,
with an adaptive step size [167, 180]. The simulation begins from the ASE spectrum sampled from
an EDFA in an open loop configuration. Figure 4.13 indicates that the pulses generated at a filter

bandwidth of 3.5 nm exhibit a near-Gaussian shape with a pedestal.

The recovered pulses have a duration of 2 ps, and simulations indicate that dispersion compen-
sation does not enable a significant compression, in contrast with the Gaussian BPFs of Ref. [16]. In
case of Gaussian BPFs, the duration of pulses would be of 2.6 ps, and 1 ps when the chromatic dis-
persion is compensated with additional SMF. The measured pulse duration corresponds well to the
simulation, as depicted in Fig. 4.13(a) and (b). The differences in the chirp values are attributed to
the effects of amplification at EDFA3, as well as the residual error in the FROG retrieval algorithm,
confirmed by the mismatch between the retrieved pulse duration and the autocorrelation width.
Fig 4.13(c) and (d) indicate the autocorrelation width and retrieved pulse profile when the output
signal is amplified, and 13 m of additional SMF-28 fiber are appended at O4. The pulse duration
shortens because nonlinear compression occurs as a consequence of SPM inside EDFA3 followed
by the effects of chromatic dispersion of SMF. This measurement differs from the nonlinear com-
pression of Fig. 9 in Ref. [16], in which pulses were compressed at O3, as depicted in Fig. 4.14. In
Fig. 4.15, the output spectra of the source observed at O; are shown for three different filter offsets,
and compared with the pulsed operation of Ref. [16]. The amount of spectral broadening induced

by SPM in Fig. 4.15 in the setup of Sun et al. is such that < 2% of the power is transferred from A,
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to A1. In (a) and (b), the amount of transferred power is of 13% and 15%, respectively. The large
3 dB spectral broadening of 18 nm in (a) and 13 nm in (b) suggests the propagation of powerful
and short pulses. The light propagating in the cavity is composed of ASE and pulses, and the pulse
energy is measured when a small number of eigenpulses are visible in the time domain. Since the
cavity round-trip time is of 10.6yus, the energy contained in the pulses account only for a small
portion of the total energy. Under the assumption that the peak power of the pulses does not
change significantly when the number of pulses in the cavity changes, the energy is estimated
by measuring the average output power as a function of the number of pulses. The decrease in
average power is monitored as well as the number of pulses measured by an oscilloscope through
one cavity period. In the current context where the pulse power is small with respect to the total
ASE power, the ASE power is expected to remain constant independently of the number of pulses.
The energy contained in each pulse can be inferred from the measured average power.

In Fig. 4.16, the filter offset is increased to reduce the pulse number. At output Oy, the energy
per pulse is estimated to be of 3.5 p], considering a pulse duration of 2 ps, and therefore the pulse

peak power is of 1.7 W at O4. With a 3 dB spectral separation of 4.5 nm, the cavity contains 12
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Figure 4.16 — Number of pulses as a function of the cavity average power.

pulses. This number is small compared with the > 2.9 x 10" pulses observed in a similar cavity
with filters of 0.9 nm of bandwidth, and a 3 dB spectral separation of 1.1 nm [16]. However, at
3.5nm of filter bandwidth, the in-cavity eigenpulse energy is larger than this previous report by
a factor of 70.

In a second configuration, the spectral width of the BPFs are maximized. At these bandwidths,
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the filters BPF; and BPF; can be considered as high- and low-pass filters, respectively, as their
leftmost and rightmost cutoff edges are outside of the gain window of the EDFAs. In this case, the
pulse bandwidth is limited by the gain window on one side, and by a filter edge on the other, which
permits pulsed operation as when a pair of BPF is used. For this configuration, Fig. 4.17(a) presents
the output spectrum of the source in operation. The peak at 1530 nm is due to the unfiltered EDFA
leakage, and BPF, fails to block the 1505 nm — 1515 nm wavelengths. Figure 4.17(b) and (c) show
the simulated pulses profiles in the time domain, before and after filtering at BPF; and BPF,.
Because of the propagation in a dispersive HNLF, the spectral components of the pulses spread
in time. Only the short wavelengths corresponding to the tail of the pulse are selected after BPF;,
while it is the opposite at BPF,. Therefore, no single eigenpulse is sustained in the cavity, but
rather the alternation of two pulses of complex profiles. As depicted in Fig. 4.17(d), such pulses do
not converge towards Gaussians after dispersion compensation. The pulse energy of the filtered
pulses of Fig. 4.17 is of ~50 p]J. Because of SRS, large pulse-to-pulse fluctuations occur, and the
autocorrelation trace of such pulses resembles the one of noise inside a Gaussian envelope. A
positive third order dispersion coefficient leads to an asymmetry in the spectra broadened by SPM,
tilting its top clockwise with respect to the central wavelength [189]. The HNLF generates a Raman
replica of the pump pulses at the Stokes wavelengths when the pulse peak power is above the
Raman threshold. This is due to a group-velocity matching provided at the wavelengths of 1550 nm
for the pump and 1670 nm for the Raman signal. Because of the alternative filtering, the Stokes
pulses are not sustained in the cavity, but rather rebuilt from noise at each passage through the
nonlinear medium. The overlap between the spatial distribution of the pump and Stokes pulses
is verified with a broadband InGaAs photodiode and a cascade of two 1310/1550 wavelength-
division multiplexers. Each of the pump and Stokes wavelengths are alternatively filtered out:
the filtering provides an attenuation in excess of 18 dB for each signal. Nevertheless, the pulses
propagating in the cavity are visible in both cases, and their respective temporal distribution is
similar. This effective transfer of energy towards the Stokes wavelengths induced by the long
interaction distance turns into a drawback for the laser cavity efficiency. The energy of the pump
pulses transfer towards the Raman pulses, thus leaving less power in the cavity. The polarization
dependence of the Raman gain also introduces polarization dependent losses in the cavity, which
is sensitive to external disturbances. In Fig. 4.18, the tunability of the source is investigated with

the largest bandwidths enabled by the adjustable filters. As the filter offset increases, the number
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of pulses in the cavity first increases as the source efficiency increases. The PB regime is sustained
up to a filter offset of 5.5 nm, instead of the ~ 18 nm predicted by simulations of [24], in case of
Gaussian filters. The energy lost at the pump by SRS, as well as the sharp edges of the BPFs are

responsible for this difference.
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Figure 4.18 — Domains of SP and PB as a function of the filter offset, at output Os. FO: filter
offset.

4.4.2 Summary

Self-pulsating sources based on cascaded regeneration operate efficiently with BPFs larger
than 1 nm, as suggested by numerical simulations in Section 4.3.1.

In [16], the shortest pulses observed without nonlinear compression were at their transform
limit, with a duration of 3 ps and an energy of 0.17 pJ. By using large BPFs, near-transform limited
pulses as short as 2 ps and with energies 20 x higher than previously reported are observed without
compression or chirp compensation when the filter bandwidth attains 3.5 nm. After propagation
in SMF and amplification, the pulses are compressed down to a duration < 0.5 ps.

By design, this source toggles in between two wavelengths, 1548 nm and 1553 nm, as well as
generating pulses at 1670 nm via SRS in the HNLF.

When BPF ; are a high- and a low-pass filter respectively, the gain window determines the
spectral bandwidth of the pulses. A simplified cavity could be designed with such components, at
the expense of the pulse quality. Despite the non-optimal filter shapes, pulses of 2 ps as well as
pulses shorter than 0.5 ps are observed at the output of the cavity. Regenerative sources therefore

operate at large filter bandwidths and are robust to non-optimal filter shapes.
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4.5 Discussion & Conclusion

In this chapter, the performances of regenerative sources have been investigated. In contrast
with previous work, the starting of self-pulsating sources based on cascaded regeneration was
described, and indicates that the design of such sources of large filter bandwidth is a new candidate
for the generation of ultrashort pulses of broadband spectra and good efficiency. Compared to pre-
vious work, shorter and more energetic pulses were generated. It can be expected that future work
will focus on improving the source efficiency by reducing the effects of SRS, as well as including
new nonlinear media to replace the silica fibers. In terms of pulse energy, simulations indicate that
the pulse energy does not significantly increase when the number of pulses in the cavity decreases
by increasing the filter offset. Therefore, achieving pulses several orders of magnitude higher than
the nanojoule seems unlikely for regenerative sources based on SPM-OF regenerators. The effect
of filtering, at which most spectral components are lost, prevents a strong rise of the pulse energy.
However, an increased normal dispersion in the cavity may increase the pulse energy by stretch-
ing them temporally. Other improvements could lead to the creation of self-pulsating sources
for the mid-infrared (MIR), to trigger ultrashort pulses. As of this year, tunable BPFs as well as
thulium amplifiers are commercially available, and only the nonlinear medium should be well
chosen or engineered in order to reach satisfying dispersion profile and nonlinearity value. The
use of fiber tapers, for example, may lead to shorter cavities which operate at longer wavelength
via rare-earth-doped fibers of parametric amplification. Since the pulse spectrum is composed of
frequency components which have been generated by SPM, the source has no stable longitudinal
modes, and is therefore expected to be modeless. Further experimental evidence of this fact would
be helpful, since sensing applications would benefit of a source whose PSD is continuous over
the pulse bandwidth. Finally, custom BPFs profiles may lead to the generation of eigenpulses of
different shapes.
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Chapter 5

Self-pulsating sources based on SSFS and
SPM

5.1 Introduction

In Chapter 4, pulsed lasers based on a pair of complementary regenerators of type SPM-OF
regenerators were introduced. Their architecture has interesting features including aperiodicity,
low polarization sensitivity, and multiwavelength operation [16, 24]. Pulses propagating in sources
based on that concept undergo large changes in their spectral and temporal profile twice per
cavity round trip. As a result, their output feature invariant eigenpulses, which can be regarded as
dispersion-managed solitons [66]. These sources do not belong to the class of mode-locked lasers,
for which a fixed phase relationship is maintained between the spectral components. Consequently,
the repetition rate of the output pulses is not constrained to a pulse-to-pulse time interval dictated
by the cavity free spectral range or one of its harmonics.

Based on cascaded regeneration, a new method for generating short pulses in fiber lasers
was proposed and demonstrated experimentally in 2012 [22]. Sources of that kind, referred to
as self-phase modulation and offset filtering (SPM-SSFS) sources, are composed of two distinct
regeneration stages. In the first stage, regeneration based on SPM-OF is followed by a second
regeneration stage in which SSFS occurs during the generation of a SC. This SC is partially washed
out by a red-shifted band-pass filtering, and the ring cavity is closed as the output of the second
stage becomes the input of the first stage. Hence, the design of SPM-SSFS has similarities with
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self-pulsating sources based on cascaded SPM-OF regenerators, which also feature wavelength
toggling and alternating offset filtering. An interesting feature of SPM-SSFS sources is that they
provide a broadband SC at one of their output, along with a tunable temporal burst duration
which can be extended up to several hundreds of nanoseconds when the pump power is increased.
Because of the presence of multiple and varying pump pulses, the SC generated by this type of

source may be compared to SCs emanating from noise bursts [190, 191] or noiselike pulses [192].

5.2 Theoretical basis & experimental setup

Self-pulsating sources based on cascaded regeneration rely on two or more nonlinear stages
whose function is to convert the propagating signal from one wavelength to another. When there
are two nonlinear stages, the initial signal is shifted from the wavelength A ; to the wavelength
Ag,1 via nonlinear wavelength converters (NWCs), as depicted in Fig. 5.1. These NWCs must
feature intensity dependent transfer functions and hence favor high intensities, triggering pulses.

Regenerative sources solely composed of cascaded SPM-OF regenerators at NWC, 5 sustain pulses

A2 Nonlinear wavelength

/ converter 1 M N

NWC; EDFA,

D

> Nonlinear wavelength /

A
. converter 2 )\1
EDFA, NWC,

V]

Figure 5.1 — Setup of a generic self-pulsating source based on cascaded regeneration. EDFA:

erbium-doped fiber amplifier.

with a low amplitude jitter, due to the sharp transfer function that characterizes the SPM-OF
regenerators placed in the cavity [149]. The temporal shape of the pulses is imposed by the

spectral shape of the filters, via their Fourier transform plus an additional chirp, mostly linear
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across the pulse. Figure 5.2 depicts such a regenerator. In fact, a remarkable property of SPM-OF

) g
~~~~~~ =
(N ONLF, @ﬁ

Figure 5.2 — First nonlinear stage- SPM-OF regenerator. BPF: band-pass filter, HNLF: highly

nonlinear fiber.

regenerators is that at the first approximation, the output pulse peak power is independent of the
input pulse power. Given that the latter is above threshold, the output peak power F, is expressed
as [152]:

P

1
P — ZAwy2 L 5.1
Awsont b\ Wo4T12 ( )

P, ~

In Eq. (5.1), the output intensity is proportional only to the initial bandwidth wy, as well as the
nonlinear propagation length L and the nonlinear coefficient n,. The central wavelength is A, Awy
is the input pulse bandwidth, Awspy is the bandwidth of the pulses broadened by SPM, and P,
is the input pulse peak power. Amplitude variations are, therefore, limited by this first nonlinear
stage, which generates near chirp-free pulses at its output at small filter bandwidths, and linearly
chirped pulses at larger spectral filter bandwidths [16].

In SPM-SSFS sources, the second NWC (NWCy,) is a HNLF with anomalous dispersion at the
pump wavelength used in tandem with a BPF, as depicted in Fig. 5.3. Pulses input to this NWC
undergo SSES, induced by MI when their temporal duration is in the picosecond range [38]. By

Figure 5.3 — Second nonlinear stage: SSFS induced by MI and followed by selective filtering. BPF:
band-pass filter, HNLF: highly nonlinear fiber.

joining both nonlinear stages with EDFAs, the source self-ignites pulses from ASE, provided that

the BPFs have an adequate relative spectral position, which is the subject of Sections 5.3.1 and 5.3.2.
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The experimental setup of Fig. 5.4 is composed of two HNLFs of length L = 1007 m, two
adjustable and tunable BPFs, centered at the wavelengths \; 5, and with tunable 3 dB bandwidths
(2 9, respectively. The filters have sharp edges, as shown in Fig. 5.4(d), and a modification of their
bandwidth only alters the length of their flat top portion. The filter offset is defined as A\ = |\; —
Az|. The nonlinear fibers HNLFs; ; have a nonlinear waveguide coefficient v = 12.5 W lkm™!,
and a chromatic dispersion coefficient D; = —0.71 ps/(nm-km) and Dy, = 2.09 ps/(nm-km),
respectively. Their third-order dispersion coefficients are S; = 0.0074 ps/(nm?-km) and S, =
0.002 ps/(an-km). Insertion losses are of 1.7 dB for each HNLF, 8 dB for BPF;, 5.5 dB for BPF,,
and 0.5 dB for each output coupler, in addition to the power drawn by their output port. Two
EDFAs are inserted between each nonlinear stage, with a saturation power Py ~ 15 dBm. The
cavity output is observed via the four output tap couplers C;_4 with 12.5 GHz photodiode and a
standard OSA.

In Fig. 5.5, the propagation of pulses is shown in the spectral and temporal domain after 18
cavity round-trips. The limit case where BPF; is a low-pass filter and BPF, is a high-pass filter is
illustrated. Pulses from EDFA, are launched into HNLF,, and interact by the conjugated effects
of MI and FWM. These interactions give birth to fundamental solitons, which experience SSFS as
illustrated in Fig. 5.4(c), where a powerful soliton shifts to a wavelength of ~1630 nm. In the time
domain, these solitons acquire a delay because of their different group-velocity in the anomalous
dispersion regime. Low-pass filtering at BPF; do not extinct the significantly shifted solitons.
However, they do not benefit from the gain of EDFA;, nor pass through BPF,. For other spectral
components, SPM broadening occurs in the first few meters of the fiber, thereby resetting the
central wavelength to Ao, as depicted in Fig. 5.4 (b). The numerical model used to generate Fig. 5.5
includes the effects of second- and third-order dispersion 3; 3, nonlinearities, and the Raman effect

(T'r = 3f1s), and is implemented as described in [24].

5.3 Experimental & numerical demonstration of the source

operation

In this first series of experiments, a setup similar to the one of Fig. 5.4 is used. BPF; is composed

of a circulator followed by a Bragg grating with bandwidth of 5.0 nm centered at \; = 1544.0 nm.
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Figure 5.4 — Closed-loop self-pulsating cavity. (a) Experimental setup of the SPM-SSFS source. (b)
spectrum at the first nonlinear stage, with SPM broadening and offset filtering at \s. (c) SSES and
filtering at \q, in the second nonlinear stage, (d) lllustration of the filter profiles. BPF: band-pass
filter, BW: bandwidth, HNLF: highly nonlinear fiber, EDFA: erbium-doped fiber amplifier, NWC:
nonlinear wavelength converter, OSA: optical spectrum analyzer, PD: photodiode, PSD: power

spectral density.
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Figure 5.5 — Propagation of pulses in the cavity of Fig. 5.4(a). Top: In the frequency domain.
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The other regeneration stage includes a BPF with 6.2 nm of bandwidth centered at Ao =1550.5 nm.
In each half, various couplers C;_4 are used for monitoring purposes. Insertion losses are of
3.3 dB for the grating and optical circulator combination, and 9.9 dB for the tunable BPF.
The pulses propagating in the cavity are monitored spectrally using OSAs connected to 10%
tap couplers C; 3, and also monitored in time using a photodiode (PD) followed by an oscilloscope

at the output of 1% tap coupler C,.

5.3.1 Spectral and temporal observations

The source self-starts from the ASE of both EDFAs. The gain is initially set at 11.6 dB for EDFA;
and 16.2 dB for EDFA,. Figure 5.6 (a) and (b) show the spectra observed at outputs C;, C5 and Cs,
while (c) and (d) show oscilloscope traces of the laser output as measured from C; and C3 with
the PD. The trace in (c) shows that the laser provides a burst of power at every 10.5 us. Trace (d)
shows that this burst is made up of a collection of short pulses in cascade. On inset (e), picosecond
pulses are observed after the SPM regeneration process.

The SC observed at output C3 originates from pulses that have experienced SSFS in HNLF,,
which is a required condition for a pulsed regime. It also appears from output 'y that the pump
pulses in HNLF; provide a Raman gain with a 13.2 THz offset with respect to the pump, and
resulting ASE centered at 1664 nm. The absence of power at a wavelength of ~1450 nm excludes
the contribution of a degenerate four-wave mixing process at the pump. It was also observed that
additional bursts of pulses similar to those shown in Fig. 5.6 (d) are created and sustained in the
cavity when increasing the EDFAs gain.

The circulation of pulses in the cavity was simulated and indicates the possibility of single-
pulse operation at low gains, and SC generation at higher levels of pump power in presence of mul-
tiple pulses. The propagation in both HNLFs was modeled using a split-step Fourier method includ-
ing the effects of the nonlinearity, the second- and third-order dispersion terms, self-steepening
and Raman scattering approximated to its first order differential term. Filtering was modeled
with BPFs, and the EDFAs were modeled as perfect amplifiers with a saturable gain. To start the
source, both white noise and Gaussian pulses used as a seed led to similar results. Figure 5.7 (a)
and (b) illustrate solitons after HNLF; for the 50th cavity round trip. In the frequency domain,
Fig. 5.7 (c) provides the spectra before and after propagation in HNLF,, in agreement with the
experimental result of Fig. 5.6 (b). Due to the filtering at A\, pulses that are entering HNLF, have a
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Figure 5.7 — Numerical simulations for the setup of Section 5.3. (a) Fundamental solitons after
HNLF,, (b) Zoom on the output soliton (k), (c) Spectrum obtained by an averaging over 50 round-
trips of the cavity, starting at round trip 10. The dashed and solid curves correspond to the input
and the output of HNLF,, respectively.
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FWHM duration of ~1 ps but with a peak power of ~20 W, which corresponds to a higher order
soliton of NV =2 5.5. Hence, we observe soliton fission during the beginning of propagation in
HNLF, [193]. New solitons of various FWHM duration and peak power co-propagate in the HNLF,
with a group-velocity relative to their central wavelength, and an acceleration due to the SSFS
induced by the Raman effect.

Figure 5.8 illustrates that soliton fission occurs within the first 20 m of propagation, leading
to fundamental solitons. The slope of their trajectories is related to their group-velocity disper-
sion, and powerful pulses slow down as a result of intrapulse Raman scattering. This figure also
illustrates that the accumulated delay of these solitons is responsible for the long burst of pulses

experimentally observed in Fig. 5.6 (d).
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Figure 5.8 — Soliton fission in the time-domain and propagation of the resulting fundamental

solitons in the first 300 m of HNLF,.

The wide spectrum of Fig. 5.6 (b) and Fig. 5.7 (c) results from the propagation of several
subpicosecond pulses in HNLF,, which experience an amount of SSFS that depends on their own
temporal width and peak power. Because the amount of SSFS is related to 1/tf,, [67], only

fwhm

solitons with an adequate FWHM are selected by the BPF, and will be sustained by the cavity for
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Their final peak power is represented after filtering at the BPF. (bottom) The transmittance at the

filter is shown. For reference, solid lines indicate the corresponding soliton order.
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the next round trip. Fig. 5.9 (a) shows the peak power of pulses launched in HNLF; after filtering
at the BPF, and (b) provides the associated transmittance at this BPF. Another pulse selection is
performed at the regenerator, and the bandwidth of the fiber Bragg-grating (FBG) gives a first
limit on the pulse temporal width. The observed pulse of Fig. 5.6 (e) is about 3 times longer than

expected by simulation, and has pedestals because of the presence of multiple pulses in the cavity.

5.3.2 Effect of the filter bandwidths

The output properties of SPM-SSFS sources were studied in [22] for fixed filter spectral po-
sitions and bandwidths. The source was started from ASE, as the pump power of EDFA; , was
increased beyond a given power threshold. In this section, the operation of the source is shown for
a wide range of filter spectral bandwidths, and pulses are triggered by altering the filter offset. At
one limiting case, BPF; is a low-pass filter, and BPF; is a high-pass filter. Experimentally, this case
is implemented by maximizing the bandwidth of the filters, so that they exceed the erbium gain
window. At the opposite limiting case, both BPFs have a narrow bandwidth < 0.5 nm, and the
source operates in a CW regime, with amplified fluctuations induced by ML In this configuration,
the propagation in HNLF; is comparable to the self-pulsating laser introduced by Lee et al. [194]
which generates a broadband SC from MI in a ring cavity, except for the fact that the pump power
is two orders of magnitude lower than the one reported in [194].

In Fig. 5.10, BPF; is a low-pass filter, and BPF; has a variable bandwidth. Self-pulsation occurs
for a fixed EDFA pump power, by reducing the spectral separation between the BPFs, by red-
shifting BPFs. The green zone of Fig. 5.10(a) represents the maximal filter offset that induces self-
pulsation. This zone has a maximal A\ when €2 =3 nm. Figure 5.10(b) illustrates the continuum
observed at (s for some of these configurations. For a BPF; bandwidth of 3.5 nm, the continuum
generated at (5 is maximized, and reaches wavelengths past 1900 nm. For larger and smaller
bandwidths, less energy is transferred towards the long wavelengths. Hence, there exist an optimal
spectral bandwidth of BPF, for which the captured spectral power density contributes optimally
to sustain the existing pulses in the cavity. This particular case was illustrated in [25], in the
case of regenerative sources. In such a situation, the pulses filtered at BPF, exhibit long temporal
duration due to the accumulated dispersion, or contain a broad pedestal if compression is achieved
by chirp compensation. The pulse energy is high due to the large amount of spectral components

captured by the BPF, but it is spread over a long duration, which is non-optimal for SC generation.
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of lower dynamic range, operating in the range 1000 nm to 2400 nm
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In a second set of experiments, the filter bandwidths are changed, so that 2; = (), at all
times. In Fig. 5.11, the position of each BPF is depicted. BPF; is first shifted towards the longer
wavelength to trigger self-pulsation, and the output power at (s is recorded at that moment. Then,
BPF; is shifted in the opposite direction, and the wavelength at which the source stops pulsating

is recorded. For filter bandwidths of 4.7 nm, pulses are sustained in the cavity up to a filter offset

T T T T T 125
1555 BPF; r—e—

_Self—EuIsatir_lg threshold 1
BPF, maximal position —=— i 12

Power o

L R

L |
1545 " 11

: ,
o0 | % : }

Band-pass filter position [nm]
©
Output power at C5 [dBm]

Band-pass filter 3 dB bandwidth [nm]

Figure 5.11 — Operation of the SPM-SSFS source at several different filter bandwidths. The error
bars represent the 3 dB bandwidth of the filters. The self-pulsating threshold position is depicted
as well as the maximal spectral shift of BPF, that is reached without altering the source operation.

The output power corresponding to the threshold is reported on the right axis.

of A\ =3 nm. Spectrally, the continuum at C'; shows insignificant changing when altering the
filter bandwidths. Even for fiter bandwidths of 0.5 nm, which means large temporal pulse duration
of ~7 ps from the SPM-OF regenerator, SC generation is initiated in HNLF,.

Overall, SPM-SSFS sources self-start from thin filter bandwidths of 0.5 nm to ultra-large band-
widths in the limiting case, when reduced to a pair of low- and high-pass filters. Optimal filter
bandwidths maximize the source efficiency by blocking the spectral content which does not con-

tribute to the pulses.

5.4 Single-shot spectral measurements

A wavelength-to-time mapping technique is used to capture the power spectral density of

pulses originating from HNLF; [76]. Used recently to analyze supercontinua induced by MI or
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noiselike pulses [19, 77], this technique relies on the fact that any pulse tends to turn into its
Fourier transform when passing through a dispersive medium. When the third-order dispersion is
small, the last term of Eq. (5.2) is negligible, and Eq. (5.2) provides a linear relationship between a
time interval A7, a wavelength interval A ), the chromatic dispersion coefficient D and the fiber

length L.

AT ~ DLAX + %DL(AAQ) (5.2)

A spool of 21.64 km of SMF-28, for which this assumption holds, is used along with a real-time
oscilloscope. The temporal duration of the observed signal must be small with respect to the
time-delay corresponding to the signal bandwidth. Because SPM-SSFS source generate a burst
of pulses at their output, it is necessary to reduce the burst duration to a minimal value. For this
purpose, the EDFA pump power is decreased to shorten the duration of the temporal burst after the
regeneration stage. Figure 5.12 presents a set of unrelated 30 single-shot spectra, when BPF; and
BPF; have a bandwidth of 5 nm and 6 nm, respectively. This set of spectra reveals several peaks at
various wavelengths, red-shifted with respect to the pump, which correspond to powerful solitons
shifted by SRS. Figure 5.5(a) indicates that co-propagating solitons exchange energy as they collide
with others [195-197]. The soliton temporal duration can be retrieved from their bandwidth at
the output C's. From the solitons of Fig. 5.12(a) whose FWHM is separated from other spectral
components, the soliton temporal FWHM are of ~120fs to 200 fs, for a spectral bandwidth of
12 nm to 21 nm. As indicated by Fig. 5.12(a), a small amount of energy is nevertheless transferred

to the longer wavelength, up to 1700 nm, revealing the presence of solitons of short temporal

4

duration whose frequency shift is proportional to 1 /%, .

[67]. The shifting rate is also potentially
raised by collisions with other solitons generated by MI [197]. The randomness characteristics
of SC generation induced by MI imply that the energy contained in the cavity is not constant,
contrary to mode-locked lasers or sources based solely on cascaded SPM-OF regenerators. The
offset filtering periodically reduces the number of pulses, and the total pulse energy varies as

depicted in Fig. 5.13.
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Figure 5.12 — (a) Single-shot measurements of the spectrum at Cs. (b) Spectra corresponding to

30 independent single-shot measurements of (a).
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spectral measurements.

5.5 Supercontinuum-free operation

The operation of SPM-SSFS sources according to the setup of Fig. 5.4 is such that the pulse
input to HNLF; is chirped, in the picosecond range, and energetic. This pulse is split into several
fundamental solitons, drifting with various amounts of spectral shifts. Most of the time, these
solitons are therefore rejected by BPF;. If BPF; is a low-pass filter, the solitons are sustained in
HNLF; but rejected at BPF,, because their spectral broadening by SPM is insufficient to transfer
energy back to \,. In this case, the source efficiency is limited as illustrated by the SC observed
at Cs.

However, are SPM-SSFS sources able to generate and sustain a single pulse, which could
undergo SSFS and transfer most of the energy from the short towards the long wavelengths? To
answer this question, the setup of Fig. 5.4 is altered by the addition of a dispersion compensating
fiber after EDFA,. Chirp compensation therefore decreases the pulse input to HNLF; below the
picosecond. At such pulse duration, propagation in HNLF; enables SSFS of a single soliton, because
the effects of MI and FWM do not prevail [198].

Simulations conducted with various filter bandwidths, gain and saturation indicate that single-

pulse operation is supported by the cavity. However, the source is not self-starting in this config-
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uration. To trigger pulses, the required saturation energy leads to higher order solitons of NV > 2
input to HNLF,, contradicting the requirement for single-pulse operation. Nevertheless, if a pulse
seed is launched in a cavity with adequate amplifiers, the SPM-SSFS source reaches a steady-state,
sustaining picosecond pulses in HNLF;, and subpicosecond in HNLF;. Figure 5.14 illustrates the
steady-state propagation of a single pulse inside the cavity, in the time and frequency domains,
after 10 cavity round-trips. The BPFs are Gaussian, with a FWHM bandwidth of 5 nm, and their
spectral separation A\ =10 nm. The saturation power of EDFA; , are of 0.075 dBm and 2.11 dBm,
respectively. A length of 42 m of single-mode fiber compensates for the dispersion in HNLF;. In
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Figure 5.14 — Propagation of a single pulse in the cavity. (a) In the frequency domain, (b) in the
time domain. The propagation length of the BPFs and EDFAs are increased for readability.

this configuration, 37% of the power input to HNLF; passes through BPF;. The SPM-OF regenera-
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tor is less efficient, and passes 14% of the resulting power. The soliton sustained by HNLF; has a
FWHM duration of 300 fs.

5.6 Summary & Conclusion

The operation of self-pulsating sources based on SPM-OF regenerators as well as SSES followed
by offset filtering is characterized temporally and spectrally.

The conditions for pulse ignition and SC generation were investigated experimentally from the
influence of filters in the cavity. The range of operation of this cavity is broad, and the bandwidth
of BPF, has a direct influence on the width of the SC generated at C's. Results provide the optimal
filter bandwidth that maximizes the output SC bandwidth as well as the total output power. The
optimal filter bandwidth of 3.5 nm leads to a broad SC, which extends past 1900 nm, and potentially
further with the use of a HNLF pumped closer to the zero-dispersion wavelength than the one
currently used. A spectrally narrow BPFs, on the other hand, leads to an operation regime close
to the one of CW SC sources. These SCs, seeded by picosecond pulses, are extremely sensitive
to initial conditions, and therefore their output spectra are unique [199]. Numerical simulations
were conducted, and show that the architecture of SPM-SSFS sources can sustain pulses in a SC-
free regime, by avoiding the generation of multiple solitons. In this case, the source efficiency is
maximal, and subpicosecond pulses are readily available at one cavity output.

The experimental setup of this source may be simplified at the expense of a maximized output
continuum by replacing the BPFs with low- and high-pass filters.

Single-shot measurements illustrate that the mechanism of pulse generation in HNLF; is
induced by MI and FWM. This process is stochastic, and the SC produced at (5 is the time-average
of several solitons, shifted by SRS. The source itself hence exhibits a stochastic behavior, and the
energy sustained in the cavity is time-dependent, contrary to mode-locked lasers with output
pulses of constant energy. Application such as random-number generation or chaotic LIDARs

could benefit of such an architecture.
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Chapter 6

Design of broadband noiselike pulsed

sources

In this chapter, the design of two all-fiber ring cavities supporting the NLP regime are presented.
In a first configuration, the use of chalcogenide fiber is investigated [21], and dual-wavelength

noiselike pulse generation is demonstrated in the second configuration [23].

6.1 Introduction

Fiber ring lasers produce short and powerful pulses when passively mode-locked using NPR [200]
or saturable absorbers [201]. In the particular case of NPR, the combined effects of XPM and SPM
lead to a nonuniform rotation of the polarization state across the pulse. As a consequence, the
combined effect of NPR and a polarizer shortens pulses at every cavity round-trip by transmitting
their highest intensity components and attenuating their wings[88], as described in Section 2.4.2.3.
It has been shown that the total dispersion in a NPR-based ring dictates the minimum achievable
pulse width [202], and pulses as short as 77 fs have been generated in a dispersion-compensated
fiber cavity [32]. The temporally stretched pulse avoids excessive nonlinearities, and the APM
mechanism is therefore not saturated. In fact, in order to avoid the deterioration of pulses, the
nonlinear phase shift experienced by the pulse must remain under a maximum of 27 [203, 204].
However, when it is not the case, ring cavities may operate in another kind of regime, often re-

ferred to as the NLP regime [18]. Instead of sustaining a soliton, wave packets composed of a
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picosecond envelope comprising femtosecond-scale oscillations circulate inside the cavity.

This regime has been recently studied in various cavity configurations which do not always
support soliton-like mode-locking [205, 206]. Spectrally, the averaged noisy pattern corresponding
to each of those wave-packets can be visualized as a smooth and wide spectrum. In the past
two years, noiselike pulses have been studied from a different point of view, and are treated as
optical rogue waves, which allows to a certain extent the comparison with large amplitude ocean
waves [207]. Through this more fundamental approach, statistics based on numerical simulations
have shown that mode-locked lasers are actually an interesting mechanism for the formation of
optical rogue waves, resulting of nonlinear interaction and collisions of the propagating wave
packets [208-210].

Experimentally, several groups have reported noiselike pulses of large bandwidths in various
gain media and cavity configurations [151, 205, 206, 211-218]. Starting from 44 nm in 1997, the
addition of nonlinear or dispersion compensated fiber, birefringence, FWM and SSFS have been
reported to extend that spectrum beyond 100 nm FWHM. The record is currently hold by Vazquez-
Zuniga et al. in a 22 m long cavity including a segment of HNLF in normal dispersion [20]. Their
Raman-extended NLP regime stretched out the spectrum towards longer wavelengths by SRS,
leading to a 135 nm flat SC.

Noiselike pulses are highly energetic and resistant to nonlinear effects [219], and hence have
found various applications that take advantage of their broad spectrum, including optical data
storage [220], temperature distribution measurements [221], the characterization of fiber Bragg
gratings [222, 223], and SC generation [192, 212].

In this chapter, two cavity configurations are studied. The first one is a ring laser including a
segment of chalcogenide As,S; fiber, and the second one comprises a HNLF in normal dispersion.
In the first configuration, both a noiselike and solitonic regime can be triggered, which permits
an indirect measurement of the chromatic dispersion of the chalcogenide fiber. The second con-

figuration takes advantage of SRS to generate broadband pulses at two wavelengths.
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6.2 Mode-locked and noiselike pulses in a ring cavity com-

prising a segment of chalcogenide fiber

Previous reports of mode-locked fiber lasers using chalcogenide fiber include only one paper,
a chalcogenide fiber ring laser where chalcogenide serves as a host for neodymium. It has a self-
pulsing behavior at 1080 nm with 0.2 ps pulses, whose origins are related to a saturable-absorption
effect in the doped fiber [224].

In this section, we present a new cavity using chalcogenide glass as the nonlinear medium
for self-pulsation in the solitonic and noiselike regimes. The high nonlinearity provided by the
chalcogenide glass enables the formation of pulses at low peak power. This is potentially much
valuable in designs with a gain medium of low saturation power, which occurs when compactness
is a primary requirement. In addition to its high nonlinearity, chalcogenide glass is also transparent
in the MIR and thus a laser design similar to the one presented here could be used for the fabrication
of MIR lasers. For example the chalcogenide fiber could be used not only for NPR, but also as a
gain medium via FWM or the Raman effect. Another option consists of doping the chalcogenide
glass (eg. Cr?*/Fe*"/Tb") to provide gain [225, 226].

By adjusting the polarization states in the cavity, a NLP regime also appears, and provides

broadband pulses exceeding 50 nm FWHM.

6.2.1 Experimental setup of the laser

Fig. 6.1 shows a schematic of the fiber ring laser. It comprises an EDFA, a segment of As,S; fiber,
two PCs, and a polarizer. A coupler O; extracts 1% of the power out of the loop for monitoring
purposes. The As,Ss fiber has a length L. = 19.5 cm with a fiber nonlinear parameter v =
0.16 W'm™, a material dispersion coefficient 35 s =522 ps®km™, and a numerical aperture
NA = 0.23. NPR takes place in that short segment of fiber having a v parameter ~ 1000 times that
of standard silica fiber. The As,S; fiber is pigtailed to standard silica fibers using UV-cured epoxy,
with a total insertion loss of 4.5 dB due to Fresnel reflection and mode mismatch. However the
mode mismatch could be completely eliminated with an appropriate adjustment of chalcogenide
fiber core radius. In this case, it is expected that the insertion loss could be reduced down to the

Fresnel losses, that is 0.54 dB from n,, = 2.4.
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Figure 6.1 — Schematic of the As,Ss fiber ring laser and its polarization states.

The EDFA is composed of ~10 m of erbium-doped fiber, with a material dispersion coefficient
B2,edta = 5 ps* km™!. The EDFA has a built-in isolator which conveniently ensure self-starting of
the laser cavity [203]. The PCs are adjusted until self-pulsation occurs, in which case the round-trip
losses for the CW light becomes higher than for the pulsed light. Fig. 6.2 illustrates the mechanism
of NPR along the pulse profile, which after passing through a polarizer leads to pulse shortening.

6.2.2 Results

A proper adjustment of the PCs leads to self-pulsation, spawned by NPR. The repetition rate of
the laser is 10.42 MHz, which corresponds to a cavity length L; = 19.9 m. Two different regimes are
observed, each with their own spectral and temporal properties. The first regime has a typical soli-
tonic spectral shape including sidebands, typical of fiber lasers with average anomalous-dispersion,
and will be referred to as the solitonic regime. Appearing with a different PC adjustment, the sec-

ond regime has a wider and flatter spectrum, without sidebands.

6.2.3 Solitonic regime

Fig. 6.3 shows the spectrum in the solitonic regime, centered at a wavelength of 1560 nm.
Sharp sidebands are present, as a consequence of the spectrum superposition between solitons
and dispersive waves. Sudden variations of both the dispersion coefficient and the nonlinearity

as well as sudden variations of the pulse power due to an unperfect coupling prevent the soliton
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from adapting adiabatically [227]. Apart from the peak at 1554 nm which corresponds to a co-
propagating CW signal, the sidebands are relatively strong [228]. This is a good indication that the
minimal pulse width has been reached, itself determined by a small average anomalous dispersion
in the cavity. Linearly chirped ~1ps long pulses with an energy of E; =37 pJ are measured
with the frequency resolved optical gating device, as shown in Fig. 6.5. With sufficient dispersion

compensation, the pulses could be recompressed down to 340 fs, while leaving no residual chirp.

From the spectrum of Fig. 6.3, both the average second- and third-order dispersion terms can
be inferred. According to [202], the N* sideband position in a solitonic regime is determined by
the dispersion terms [3; and 33, the pulse width 7, the cavity length L and the frequency offset to

the central pulse wavelength Aw:

Lps

4In® (1 ++2) | Lps
- _

N=-—
78 12

Aw? + Aws, (6.1)

By solving Eq. (6.1) for each discernible /V, the optimal parameters for the second- and third-
order dispersion, plus the pulse width, are calculated using a nonlinear conjugate gradient algo-
rithm. Applied to this setup, we obtain 7 =326 fs, (82 assssitica) =-7.6 ps* km ™', and 33 =0.03 ps’/km.
Figure 6.4 compares the experimental results with the best fit obtained out of Eq. (6.1). It must
be pointed out that a more accurate value of (33 could be obtained by making a fit of several

measurement with varying cavity lengths.

Moreover, the information carried by the sidebands can be exploited by comparison with a
similar setup, except for the absence of the chalcogenide fiber. The average second-order disper-
sion term is readily obtained for that second cavity, and takes into account the dispersion in the
EDFA, and in the silica fiber segments for a total of (5 siica) =—12.80 ps? km ™. From Eq. (6.2), it
is therefore straightforward to derive an expression for the second-order dispersion of the As,S;
fiber:

(Basitica) L2 + (B2.ass) Le = (B2,asssitica) L1 (6.2)

With L, =19.7m the cavity length of the second cavity. In agreement with the expected val-
ues [229], we evaluated (2 ass) = 517.3 ps®km™.
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6.2.4 Noiselike pulse regime

The noiselike pulse regime provides a wide spectrum that stretches with respect to the PC
tuning, as shown by the line (b) and (c) of Fig. 6.3. As it can be observed on the autocorrelation
trace for this regime on Fig. 6.6, no structured pulse can be retrieved from that regime, but rather
noise at a femtosecond scale inside a picosecond envelope [205]. The temporal envelope of these

noiselike pulses are of 45 ps.

SHG intensity [n.a.]

-60 60

Time [ps]

Figure 6.6 — Autocorrelation of noiselike pulses.

The large bandwidth observed is a consequence of this complex pulse pattern, while its smooth
profile is due to the fact that the spectrum analyzer performs an averaging over many spectra of
these noiselike pulses. The origins of this regime is still unclear [205].

However, the relatively high energy E,, = 3 nJ of these noiselike pulses of large bandwidths

is interesting in application requiring low coherence.

6.2.5 Summary

Passive mode-locking via NPR was achieved in a chalcogenide fiber, leading to picosecond
chirped pulses. Two different regimes could be observed. As expected in anomalous dispersion, a
solitonic regime with sidebands was observed, providing information about the average dispersion
in the cavity [202].

The information carried by these sidebands was used to derive an accurate value of the material

dispersion coefficient (32 ass) in the chalcogenide fiber. Due to the low level of dispersion involved,
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this can hardly be achieved with other methods that require significant power levels or require the
single-mode condition [230, 231]. We note that the high normal dispersion of As;S3 compensates
by 40% the average dispersion provided by the silica fiber portion of the ring cavity. Further
optimization of the cavity by reduction of the silica fiber could lead to the generation of shorter
pulses. The use of chalcogenide fiber, facilitating XPM during NPR also enables the generation of
pulses at low pump power. However, this advantage is hidden by the large loss induced by the
coupling to SMF fiber.

In the noiselike regime, the pulse bandwidth attains 51 nm. The addition of chalcogenide fiber
increases this bandwidth significantly compared to the all-SMF-28 setups of Horowitz et al. [18]
or Tang et al. [213]. However, this bandwidth are still much lower than the one obtained by Zhao
et al. [214, 215] because no fiber of the setup is operating close its ZDW. Therefore, the effects of
SSFS and XPM are less likely to transfer energy towards the long wavelengths. Nevertheless, the
bandwidth achieved in this configuration is large when reminding the large cavity loss induced

by the chalcogenide fiber.

6.3 Dual-wavelength noiselike pulse generation in a ring

laser

In this section, the operation of a ring laser in noiselike regime is presented. The laser operates
at two distinct wavelengths: the pump wavelength is in the C-band and takes advantage of erbium

as gain medium, while the second wavelength of oscillation is triggered by SRS, in the U-band.

6.3.1 Introduction

Dual-wavelength operation regime was reported for the first and only time by Horowitz and
Silberberg. [219]. This dual-wavelength oscillation was attributed to birefringence-induced loss
modulation, and was demonstrated using a 450 m long silica cavity, with a spectral offset of 25 nm.

We present an all-fiber ring laser architecture sustaining dual-wavelength pulses in the NLP
regime. The laser emits pulses at a wavelength of ~1550 nm, the Raman pump (RP) pulses, from
NPR in a cavity comprising an EDFA while pulses at a wavelength of ~1650 nm, the Stokes pulses,

are generated from a Raman effect. In [20], the addition of a HNLF increased the amount of SRS
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experienced by the NLPs, therefore widely broadening their spectrum. By taking advantage of a
nonlinear length ~100x shorter than the one proposed in [20], we demonstrate that the action of
SRS is reinforced, and instead spawns powerful pulses beyond 1650 nm, outside the amplification
region or Er3*-doped silica fibers. In a first regime, an efficient energy transfer from the RP signal
to the Stokes signal is observed, such that the Stokes pulses exceed the RP pulses power by 2.5 dB.
By single-shot spectral measurement, a technique described in Section 2.4.1.3, we verify the nature
of the noiselike pulses.

In a second regime, a flattened dual-wavelength and broadband spectrum is generated, ex-
tending up to a wavelength of 1700 nm. This upper boundary exceeds those of any report among

erbium-doped NLP lasers operating primarily in the C-band [18, 20, 211, 212, 219].

6.3.2 Experimental setup of the dual-wavelength laser

The experimental setup schematized in Fig. 6.7 consists of a ring cavity similar to the ones used

for mode-locking by NPR [165]. The 1007 m long HNLF has a chromatic dispersion coefficient

HNLF

Figure 6.7 — Ring cavity composed of a HNLF, an EDFA, two PCs, a polarization beam-splitter
(PBS) and two output tap couplers O, o. EDFA: erbium-doped fiber amplifier, PC: polarization

controller, PBS: polarization beam splitter.

D =-0.71psnm™' km™, a nonlinear waveguide coefficient v = 11.5 W' km™ and a loss of 1.5 dB
at a wavelength of 1550 nm. The EDFA, which contains an optical isolator, is pumped at 976 nm

and has a length x chromatic dispersion product of L Dgpgs = 138 psnm™. The other components
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of the cavity account for ~20 m of silica single mode fiber, and therefore the average chromatic
dispersion in the cavity is normal with a value of LD,,, =-406 psnm™". An optical spectrum
analyzer and a photodiode are connected at the 1% and 15% output couplers O, 5, respectively.
The rejection port of the PBS is also used for monitoring purposes. It provides a linearly polarized

laser output with a high output coupling ratio (OCR).

6.3.3 Results and discussion

Noiselike pulses are obtained by an adjustment of the two PCs. With an EDFA pump power of
~100 mW, the sudden broadening of the initial continuous-wave regime indicates the presence
of a burst of pulses also visible with a fast photodetector. A repetition rate of 194 kHz is observed
at output O, for an average power of -5 dBm. Spectra are presented in Fig. 6.8, along with their
time-domain behavior in the corresponding insets. In Fig. 6.8(a), the PCs are tuned to obtain a
pulsed operation around 1550 nm. The spectral bandwidth of the RP signal is 10 nm. A weak signal
generated from SRS, noted (i), is also observed. The RP pulses contain most of the power, and
noiselike pulses are observed temporally and spectrally. With a further increase of the EDFA gain,
both the RP signal and the Stokes signal are raised by a similar amount.

We believe that the red-most signal is sustained by a Raman gain supplied by the 1550 nm
signal. Indeed, the wavelength separation {}; is of 111 nm, which corresponds well to the 13.2 THz
offset expected for a Stokes wave due to a SRS process. In trace (h), the PCs have been carefully
adjusted to maximize the Stokes signal. The latter contains 1.5 times more energy than the RP
signal and has a FWHM of 8.4 nm. A peak is also observed at a wavelength of 1464 nm. Its spectral
separation of 95 nm with respect to the RP again has a consistent spectral offset for an anti-Stokes
Raman peak. We note that the 50 dB difference between the Stokes and anti-Stokes lines is also
expected because of a much less probable phase-matching of the anti-Stokes wave [38]. The
presence of this peak confirms that the strong gain observed at the Stokes wavelength of the
spectrum is due to a SRS process rather than a four-wave mixing, which, acting alone, would
lead to a pair of new frequency components of similar amplitude. An exact measurement of the
peak power of noiselike pulses is difficult to achieve due to their complex structure. However,
the NLPs yields to a significant SRS process which exceeds the expected Raman threshold of
Py, = 16Agg/ (grLeg) = 14.5W, with g = 6.5 X 107 m W™, Lgg = 850 m, and Agg ~50 um? for
the HNLF [38]. This is a lower bound to the actual NLPs peak power. Figure 6.9 shows the typical



121

CHAPTER 6. DESIGN OF BROADBAND NOISELIKE PULSED SOURCES

Power [dB/nm]

Power [dB/nm]

Int. [a.u.]

. 0
Time [us]

95 nm

1500

1550

Int. [a.u.]

0
Tirlne [us]

1550

1600
Wavelength [nm]

Figure 6.8 — Dual-wavelength lasing at O,: (a) at various EDFA pump powers. Inset: photodiode
response of the RP pulses of trace (h). (b) Other PC configurations. The spectral offset between
the pump and the Stokes pulses are denoted by (), 5. Insets: corresponding photodiode intensity

response.
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FROG spectrogram of the RP NLPs of Fig. 6.8(a). The ratio between the autocorrelation peak and
the shoulder of the pulse’s autocorrelation is close to 2, which indicates the absence of structure

in the pulse, as discussed for example in Refs. [18, 192].
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Figure 6.9 — FROG spectrogram of a noiselike pulse and its autocorrelation width of 25.6 ps.

6.3.4 Single-shot spectral measurements

Experimental single-shot measurements provide additional evidence for the presence of noise-
like pulses at the RP and Stokes wavelengths. Following the technique described by Kelkar et
al. [76] and applied to noiselike pulses for the first time by Runge et al. [19], we measure the
spectrum of noiselike pulses in the time domain. In Fig. 6.10, a set of measurements are presented,

and depict the large spectral variations that occur during the pulse propagation.

The temporal pulse profile of noiselike pulses exhibits constant fluctuations. The gain induced

at the Stokes wavelength therefore depends on the fluctuations in the RP pulses.
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Figure 6.10 — Single-shot measurements of the spectrum of the dual-wavelength source.

6.3.5 Dynamics of the laser

In Fig. 6.8(b), other positionings of the PCs lead to two different broadband NLP regimes.
The spectrum is shifted towards shorter wavelengths with respect to the spectrum shown in (a).
As well, a spectral offset €2; ~ ()5 is observed. In (k), the bandwidth for the RP and the Stokes
signals are of 34 nm and 32 nm respectively, reflecting that NLPs are also spawned at the Stokes
wavelength. In this configuration, the average power of the Stokes pulses is 1.65 times the average
power of the RP pulses. With a careful tuning of the PCs, the bandwidth of the RP and Stokes pulses
is altered [217]. Stokes pulses with a bandwidth of 84 nm FWHM could be observed as depicted
in trace (j), extending from 1616 nm to 1700 nm, while the RP pulses were of 46 nm FWHM. From
this point, we focus on what is found to be the most stable regime, denoted (k) in Fig. 6.8(b), often
the first one observed when pulsing starts. In Fig. 6.11(a), the output power at O, and the rejection
port are presented as functions of the EDFA pump power. The rejection port presents an OCR of
50% at any EDFA pump power. In (b), an increase of the EDFA pump power leads to a spectral
broadening of the RP pulses up to a pump power of 161 mW. After that point, we note that the
Stokes pulses take advantage of the additional RP power, and undergo a spectral broadening as
well. In this process, the autocorrelation width of the RP pulses does not significantly change. As

opposed to the behavior observed in [20] where the existing NLPs consumed the excess of EDFA
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pump power and temporally broaden with an increasing EDFA pump power, this rather suggests
a transfer of the RP pulse power to new trains of NLPs and to the Stokes pulses via SRS.

The energy contained in each of the RP and Stokes pulses is depicted in Fig. 6.11(c) as the EDFA
pump power is decreased. Due to the quasi-instantaneous Raman response [38], the Stokes pulses
are sustained only if the RP pulses keep a sufficient peak power. In accordance with time-domain
observations, the peak power of the RP pulses diminishes, which quickly lowers the Raman gain
and affects both the energy and the spectral peak power of the Stokes pulses. In the time domain,
two main regimes are observed at the repetition rate of the cavity, 194 kHz. First, “square-shaped”
pulses, also seen in [20], are broadening with increasing EDFA pump power. A photodiode covering
the range 1.2 um to 2.6 pm indicates as expected that the Stokes pulses overlap the RP pulses. This
was confirmed by alternatively filtering each in the spectral domain. Between the RP and Stokes
pulses, the group velocity mismatch delay in the HNLF is of 4 ns. This delay is compensated by
an asymmetrical gain and loss profile experienced by the slower Stokes pulses. Also, a chaotic
regime presented in Fig. 6.12 indicates a ~3.5us long burst which contains a set of impulses
separated by ~33 ns. A frequency analyzer indeed shows peaks at the fundamental frequency
and at 30 MHz, regardless of the EDFA pump power. For this regime, decreasing the EDFA pump
power decreases the burst duration, peak and average power of the pulses in the cavity. However,
at least one powerful RP pulse is always present, providing a sufficient Raman gain to sustain
Stokes pulses. As the power is reduced, it is observed that two wavelengths oscillate at the RP
with an offset of 8 nm, and pulses slide along each other as observed previously in [219]. This
behaviour is attributed to the significant birefringence of An = 3.5 x 1077 in the HNLF, along
with an additional polarization group delay induced by the PBS.

6.3.6 Summary

A dual-wavelength pulsed all-fiber laser based on NPR in NLP regime was presented. In pres-
ence of a HNLF with normal dispersion, pulses are observed at the RP frequency in the C-band, and
at the first Stokes wavelength in the U-band. Although the fundamental cavity repetition rate is
in the kHz range, an increase of the EDFA pump power extends the burst duration over the whole
cavity period with little changes of the spectrum. A broadband continuum of 84 nm FWHM was
observed, containing most of the spectral power and spanning from 1616 nm to 1700 nm, filling

the gap between the erbium and thulium emission regions, and hardly accessible by other means.
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Figure 6.12 — Time-domain behaviour at two different time scales. PD: photodiode.

A large OCR of ~50% was observed at the linearly-polarized output of the cavity.

6.4 Conclusion

In this chapter, we have presented two architectures leading to the generation of broadband
pulses. In Section 6.2, the addition of a specialty fiber in a ring cavity was shown to be beneficial
in reducing the average cavity chromatic dispersion. The large normal dispersion of chalcogenide
fiber compensates the anomalous dispersion of other cavity components with only a short fiber
length, thereby allowing the design of stretched-pulse lasers of high repetition rate, and hence
femtosecond pulse duration. Due to its high nonlinearity, the addition of chalcogenide fiber the-
oretically enables the generation of pulses at low-peak power, and can be used as gain medium
via SRS. Demonstrating this fact is currently hardly achievable due to the large losses at the
chalcogenide-silica interfaces. However, this first demonstration of operation is a step towards
the realization of such compact and efficient sources. Section 6.2.4 provides a first experimental
report of NLP generation in this new cavity. The reinforced action of SRS, due to a Raman gain
coeflicient gz 100x higher than that of silica fibers [225], broadens the pulses over 51 nm FWHM,
and provides a flat extension of the continuum towards the long wavelengths, up to 1650 nm.
In Section 6.3, dual-wavelength noiselike pulses are reported in a 2 km long cavity with normal

average dispersion. SRS transfers energy from the 1550 nm pump pulses towards a wavelength



127 CHAPTER 6. DESIGN OF BROADBAND NOISELIKE PULSED SOURCES

of 1670 nm. An adequate tuning of the PCs leads to an efficient energy transfer, such that the
Stokes pulses are twice as powerful as the pump pulses. The noiselike Stokes pulses can spread
over 84 nm, beyond the wavelength of 1700 nm, which enables spectroscopy applications in a
wavelength range with is in the gap between the erbium and thulium emission regions. Pumped
in the C-band, this laser efficiently transfers power towards wavelengths longer wavelengths than

that of any previous report [20, 215].
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Conclusion

Throughout three different architectures, new broadband self-pulsating sources based on non-
linear effects have been reported. In a first approach, regenerative sources based on cascaded
SPM-OF regenerators were studied and optimized for the generation of short and energetic pulses.
Based on numerical simulations, a new cavity was presented. Pulses of 440 fs FWHM and with an

energy of 3.5 pJ are observed in a setup whose efficiency is 30 x larger than previously reported.

Second, a new self-pulsating source was introduced. As for the SPM-OF sources, this new
architecture features wavelength toggling. It is shown that, on the average, a flat continuum
spreading over more than 400 nm is created as a result of nonlinear propagation in a HNLF with
anomalous dispersion placed inside the laser cavity. In the time domain, an ultralong pulse train
spreading over up to 400 ns is observed at a repetition rate of 100 kHz. Numerical simulations
describe the source behavior, and shot-to-shot spectral measurement confirm the mechanism of
SC generation.

Finally, noiselike pulses were generated in a cavity with large normal dispersion. Via SRS,
dual-wavelength operation enables the generation of broadband pulses of 84 nm in the U-band,
as well as an efficient power transfer from the pump wavelength to the first Stokes line.

These cavities were designed with standard optical components optimized for the C-band, as
well as two HNLFs.

Open questions remain after these investigations. Sources based on SPM-OF regenerators
have been implemented so that a single nonlinear medium could be used, paired with unidirec-
tional EDFAs. Their study in a linear cavity, composed of Bragg gratings centered at two different
wavelengths, could lead to a simplified setup. Such an architecture would fit on a chip, and easily

enable the generation of broadband pulses for sensing applications. More generally, sources based
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on cascaded regeneration have been designed in long cavities, and could benefit of other kinds
of nonlinear media, including specialty fibers (chalcogenides, tellurite, etc.), therefore increasing
their repetition rate and compactness.

The efficiency of SPM-OF sources was increased, but further research could lead to higher
pulse energies. For example, similariton propagation, as suggested by Pitois et al., could replace
one SPM-OF stage, and potentially decrease the number of rejected spectral components, because
the spectrum of similaritons does not exhibit wide pedestals.

SPM-SSFS sources would also benefit of more investigation. In particular, their ability to gener-
ate and sustain SC-free pulses must be assessed. In this configuration, the energy transfer towards
long wavelength is efficient and raises questions related to the optimization of energy towards
the short wavelengths.

The stability of noiselike pulse sources could be improved with the use of an NALM, and the
use of PM fibers, to decrease the polarization sensitivity of the setup. The generation of noiselike
pulses at higher Stokes orders could also be explored, provided that an adequate nonlinear medium

featuring similar group-velocity at the pump and Stokes wavelength is used.
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Appendix A

Appendix

A.1 Numerical simulations

This section provides minimal code to simulate nonlinear pulse compression. In listings A.1
and A.2, an input pulse is propagated in a nonlinear fiber in normal dispersion, inducing spectral
broadening by SPM. Then, the propagation in a purely dispersive fiber recompresses the pulses

down to the a new subpicosecond pulse.

Listing A.1 — Nonlinear pulse compression

from sparam import Gparams
from bpf import BPF
from fiber import Fiber

from pulsed_laser import PulsedLaser

params = Gparams() # Defaults to 1550 nm
params.set_DTime(5e-15) # Time increment
params.set_NSamp(2**14) # 2*"14 samples
pulsed_input = PulsedLaser(params,

profile="sech’)
pulsed_input.set_fwhm(25e-12)
pulsed_input.set_P0(0.125) # 1 W peak power
hnlf = Fiber(params, L=15000, Nz=1000,

name="Pulse_compression_1")

hnlf.set_gamma(0.10)
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hnlf.set_beta2(1.e-27)

hnlf.set_method(’rk’)

hnlf.set_gpu(’GPU’)

hnlf2 = Fiber(params, L=1.08"15000, Nz=1,

name="Pulse_compression_2")

hnlf2.set_beta2(-1.e-27)

pulsed_input.run()

hnlf.set_input(’fiber_in’,
pulsed_input.get_output (’pulsed_laser_out’))

hnlf.run()

hnlf.show()

hnlf2.set_input(’fiber_in’,
hnlf.get_output(’fiber_out’))

hnlf2.run()

hnlf2.show()

More conveniently, a text file containing all device parameters for the experimental setup

can be used instead. This allows for the automatic generation of complex optical setups from a

generator, which could for instance provide a graphical interface describing experiments by a

series of connected devices. The code of Listing A.1 is therefore rewritten as:

Listing A.2 — Nonlinear pulse compression, text based

[params]

dtime = 5e-15
nsamp = 2**14
lambda 0 = 1550e-9

[hnlf]

length = 15e3
Nz = 1e3

beta 2 = 1e-27
gamma = 0.10
use_method = rk
use_gpu = GPU

[hnlf2]
length = 1.08*15000
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Nz =1
beta_ 2 = -1e-27
fiber_in = hnlf.fiber_out

[input_pulse]
type = PulsedLaser

PO = 0.125
fwhm = 25e-12
shape = sech

seed = hnlf.fiber_ in
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