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Introduction

The interaction of intense laser light with matter has long fascinated the scientific
community, revealing a rich landscape for nonlinear optical phenomena. One of the most
important among these is supercontinuum generation (SCG), the process in which a nar-
rowband laser pulse is converted into a broad spectrum of light. SCG has enabled re-
markable developments in several fields (e.g., spectroscopy, biomedical imaging, ultrafast
science, and medicine). While it has been extensively studied in gaseous and liquid media,
particularly water, due to its practical and scientific relevance.

Water represents a crucial and unique platform for nonlinear optical research. It is
biocompatible, available, and transparent over a wide range of wavelengths, which makes
it attractive for vital applications in biological, chemical, and environmental systems.
Furthermore, its strong nonlinear refractive index allows for the exploration of light-
matter interaction.

This study is devoted to the numerical exploration of SCG in water using femtosecond
laser pulses. By solving the Generalized Nonlinear Schrodinger Equation (GNLSE), and
simulating the evolution of the laser pulse and the resulting spectrum, we can respond to
the central problem of the study:

What are the global effects that lead to supercontinuum generation in water?

What are the optimal physical conditions that allow efficient and stable supercontinuum
generation in water when using a femtosecond laser pulse?

The goal of this study is to gain a deeper understanding of the mechanisms underlying
supercontinuum generation (SCG) in water when excited by femtosecond laser pulses, with
a specific focus on identifying and optimizing the nonlinear parameters that maximize
spectral broadening.

The structure of this thesis is as follows:

Chapter I: introduces the fundamentals of supercontinuum generation and outlines
its historical development and main applications.

Chapter II: discusses the nonlinear optical effects relevant to SCG in transparent
media, with a particular focus on femtosecond interactions in water.

Chapter III: describes the theoretical modeling approach, including the derivation
of the GNLSE and the numerical methods employed.

vii
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Chapter IV presents the simulation results and a comprehensive discussion of the
key mechanisms and trends observed.

Finally, the Conclusion summarizes the main findings and offers perspectives for future
work, both theoretical and experimental.

By combining nonlinear theory with numerical modeling, this thesis aims to bridge
the gap between experimental observations and theoretical predictions of SCG in water.
The insights gained here contribute not only to a deeper understanding of light-matter
interaction in liquids but also to the development of practical strategies for optimizing

supercontinuum sources in aqueous environments.
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I. Supercontinuum and its

Applications

I.1 Definition and Evolution of supercontinuum

The supercontinuum refers to an extremely broad spectrum of light spanning visible to
mid-infrared wavelengths, originating from non-linear optical effects. It has many strong
characteristics, such as high coherence, ultra fast pulse duration, and tunable wavelengths
for adaptable applications[I](shown in Fig. [I.1)). Today, supercontinuum light is widely
used in a range of fields such as spectroscopy, biomedical diagnostics, telecommunications,
ete.

Singh and Ravindral2] present the supercontinuum as a nonlinear optical process in
which dramatic spectral broadening of intense picosecond or femtosecond laser pulses
occurs as they propagate through the nonlinear medium (condensed (solid) or gaseous).
This spectral broadening develops thanks to the combined action of various nonlinear
optical effects.

Troung X[3] and his team believe that supercontinuum generation (SCG) is one of the
most important phenomena in nonlinear optics, widely used in various applications. It
involves the rapid and extensive spectral broadening of a short, intense laser pulse as it
propagates through a nonlinear medium.

The SCG phenomenon began to take shape in the late 1960s, after the invention of the
laser, especially in 1963, Stoicheff [4] focused a high-intensity ruby laser beam into various
transparent liquids and observed that the light scattered from the medium contained new
frequencies, Stokes lines (longer wavelengths) corresponding to the vibrational modes of
the liquid’s molecules. This experiment proved that the Raman effect could be stimulated,
meaning that the optical response was strongly enhanced by the laser intensity.

In 1970, Alfano and Shapiro [5] realized the first experiment to observe the birth of
SCG by focusing intense picosecond pulses at 5300 A into glass, observing a broadband
emission spanning from 4000 A to 7000 A far beyond the original wavelength of the
laser. This experiment demonstrated how intense ultrashort laser pulses could interact

with a transparent medium and create a special spectrum. This phenomenon was called
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“white-light generation”.

After this study, many researchers began investigating this phenomenon in various
transparent solids and liquids.

In 1978, Lin and Nguyen [6] published a crucial study in which they used a high-energy
pulse of light set to a 1064 nm wavelength (Infrared region). They tested two types of
fibers: multi-mode and single-mode doped with GeOs (Germanium Dioxide) to enhance
the nonlinear optical properties. After coupling the laser light into the fiber, the generated
laser pulse caused nonlinear interactions within the fiber and thus made it spread out into
a broad spectrum. The spectrum of the output light ranged from the visible to the near
Infrared region, and they observed that when they increased the input power beyond 50
kW, the spectrum extended further, even into the green part of the visible spectrum.
At these higher powers, the fiber was damaged, leading to the conclusion that it’s very
important to carefully control the power coupled into the fiber to avoid damage and obtain
the optimal results [6].

In 1980, Fujii et al. [7] continued Lin’s experiment by using a mode-locked Nd:YAG
laser to generate shorter pulses with higher peak powers (> 100 kW), in a 10 um core,
single-mode Ge-doped silica fiber. The resulting spectrum extended from 300 nm (UV) to
2100 nm (IR), and they also observed higher-order modes due to sum-frequency generation
between the core and the cladding modes. This study showed that the SC spectrum could
range into both UV and IR regions, opening new thinking about fiber design for enhanced
results.

In the same year, Washio and his team [8] pumped a 150 m length of single-mode
fiber using a Q-switched Nd: YAG laser at 1.34 pm, which is in the anomalous dispersion
regime of silica. They generated a continuum from 1.15 to 1.6 um without discrete Stokes
lines. At this point, no one had really explained why the spectrum was smooth between
Stokes lines at longer wavelength in the fibers. This smoothness was one of the signs of
the SCG as a result of dispersion management.

In 1991, Gross and his team [9] published a comprehensive theoretical model for
SCG in the anomalous dispersion regime, based on the progress of Self-phase modulation
developed in the late 1980s, using femtosecond pulses in optical fibers. This was the most
complete model to that date, introducing the concept of the soliton self-frequency shifts

(the redshift of the soliton due to intrapulse Raman scattering). This model became a
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fundamental base for understanding femtosecond SCG.

In 1993, Morioka et al.[L0] explored how SCG could serve in optical telecommunica-
tions by creating a 100-channel wavelength-division multiplexing (WDM) system, gener-
ating 100 simultaneous 10 ps pulses across the 1.224 to 1.394 pwm range. It marked the
first practical application of SC light in telecom systems.

By the late 1990s, researchers had established that pumping in the anomalous disper-
sion regime leads to spectrum broadening. In the 2000s, Ranka et al. used a short length
of photonic crystal fiber (PCF), which is a newer type of fiber with microstructured
cladding, enabling for tailored dispersion properties and enhanced nonlinearity. They
pumped with 790 nm pump wavelength, placed near ZDW, which allowed the formation
of high-order solitons and generation of dispersive wave which contributed in the broad-
ening. The resulting SC extended from 400 nm (V violet) to 1450 nm (NIR). This was the
first time that a femtosecond laser was combined with a PCF to generate an ultra-broad
spectrum, which is the supercontinuum[11], [12], [I3]. These studies on SCG created a
crucial foundation for many technological uses. Thanks to the development of new laser
sources, SCG became a powerful tool. This opened the door to a wide range of essential

applications in many fields, such as telecommunication, biology, medicine...
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Figure I.1: White-light supercontinuum generation, generated by injection of a

femtosecond laser (800 nm) into a long photonic crystal fiber (50 m). [14]
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I.2 Applications of supercontinuum

1.2.1 Spectroscopy

e Absorption spectroscopy

When the supercontinuum is used in absorption spectroscopy, it significantly en-
hances measurements compared to traditional narrow band or incoherent sources
like LEDs or arc lamps. Thanks to its wide range of wavelengths, SC enables concur-
rent multi-wavelength absorption measurements. Due to its higher intensity, SC in
absorption spectroscopy improves the signal-to-noise ratio and enhances sensitivity
for detecting low-concentration traces. In the study of [I5] about Incoherent Broad-
Band Cavity-Enhanced Absorption Spectroscopy of azulene in a supersonic jet, the
authors compared the spectrum of Cavity Ring-Down Spectroscopy (CRDS), which
is based on a traditional narrowband tunable laser, with Incoherent Broad-Band
Cavity-Enhanced Absorption Spectroscopy (IBBCEAS), which relies on a broad-
band source like SC light. The result is shown in Fig [[.2f [I5].

Al nm
700 650 600 550 500
Qepdaa b a0 ) -
| | pulsed jet (CRDS) [£0.025
"0 6- ~ owjet IBBCEAS) [0 00
-~ [ .
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Figure 1.2: Comparison of Absorption Spectra: CRDS vs IBBCEAS for S; +
So absorption spectrum of jet-cooled azulene measured with CRDS (left axis)

and IBBCEAS (right axis) [15]
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Unlike the CRDS process, which provides information at specific wavelengths, the
IBBCEAS process delivers a continuous absorption spectrum, revealing more spec-
tral details. This makes SC light a powerful source for broadband, high-resolution

spectroscopic applications.

Fluorescence spectroscopy

The supercontinuum laser emits a broad spectrum of light, allowing various choices
of excitation of different fluorophore wavelengths from one source. Due to picosec-
ond pulses, the pulsed interleaved excitation (PIE) will be smoother and easier be-
cause distinct fluorophores are excited at the same moments, reducing the spectral
overlap and improving the precision of fluorescence measurements. Also, the use of
one source makes the optical setup simpler and adaptable to various experimental
conditions. This type of spectroscopy (PIE), using supercontinuum source, is used
for various applications such as studying protein interactions, molecular dynamics,
medical diagnostics, Etc. The figure illustrates the application of fluorescence
spectroscopy in plant tissue, specifically in plant convallaria majalis, or lily of the
valley. The image in (a) represents the excitation of fluorescence emission at 620
nm, and (b) corresponds to excitation at 513 nm, (c) is the plot that displays Flu-
orescence emission spectra for four different regions mentioned in (a). The use of a
supercontinuum light source in fluorescence spectroscopy enhances the broadening
of the spectrum, improving the ability to analyze different biochemical compositions
of plant tissue, which provides information on cellular structure, metabolic change,

~etc[16].
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Figure [.3: Spatial variations in fluorescence emission under different wave-

lengths (530 nm and 620 nm) for plant tissue (Conwvallaria majalis) [10].
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1.2.2 Biomedical and clinical diagnostics

e Miniaturized endoscopes
The SC boosts the broadening of the spectrum, which is integrated into a minia-
turized endoscopic system for in vivo imaging of biological tissues, in Figure [[.4]
specifically using "nude mice”. When the SC is generated, it’s first collimated to
make the beam parallel, facilitating smoother coupling into the fiber. After that,
it passes through an IR filter to eliminate unwanted infrared elements to avoid
damage to tissues. The optical filter chooses the best wavelength range for the spe-
cific excitation of biomolecules. The multi-mode Fiber patch cable transmits the
high-intensity light to the sample, which is then diffused through a diffusion tip,
enhancing uniform illumination of the tissue by broadening the illumination angle
from 10 degrees to over 80 degrees, the signal emitted after excitation is captured
by the miniature CMOS camera, permitting the detection of metabolic changes, tu-
mor, biological dynamics... etc. The color checker is used as a reference to calibrate
the color rendering index and compare the quality of light with traditional sources

7.
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Figure 1.4: The schematic setup of SC light through a fiber coupling. TB

represents the biological tissue of the "nude mice” used for imaging analysis;

TA is the color checker used for light calibration .

As illustrated in Figure the supercontinuum with the diffuser and short pass

filter offers the best uniform illumination with accurate color representation for this

application [17].
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{a) (b)

(c) (d)

Figure 1.5: The images of CMOS camera with the previous setup; (a) the
thoracic cavity of nude mice illuminated by SC without diffuser; (b) SC with
diffuser and without filter; (c) SC with diffuser and filter, (d) white LED [I7].

1.2.3 Telecommunication

e Optical fiber is a technology that uses light signals to transmit data through
optical fibers made of glass or plastic. This process permits high-speed data trans-
mission over long distances with minimal loss. It’s widely used for internet traffic,

telecommunication, LANs (local area networks), cable TV, etc[18].

Optical Frequency Combs (OFCs):
An optical frequency comb is a broad spectrum composed of discrete spaced lines,
which are generated by mode-locked lasers (MLLs) that emit a range of ultrashort

pulses, enabling the transmission of data across numerous channels. This efficiency
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enhances the data carrying capacity of optical networks facilitating communication
systems. The role of supercontinuum in OFCs is to offer a broad spectrum that
can be optimized into a frequency comb, allowing the creation of ultra-broadband
sources, that is essential for Dense Wavelength Division Multiplexing (DWDM)
systems, as shown in Figure [19].

Lasers
and data
modulators

Fiber transmission and
amplification

Figure 1.6: Optical communication system with wavelength multiplexer and

de-multiplexer channels [19].

Different lasers with different wavelengths are modulated with the data signal, which
is combined into a single fiber using a wavelength multiplexer. This signal is am-
plified along its travel through an optical fiber. At the end, the de-multiplexer
separates the received signal again and captures it by specific receivers. The power
of the OFC process is to replace the traditional WDM (multiple lasers) with this
comb structure (hundreds of frequencies from the SC spectrum), enabling more

stable data transmission in optical communications.
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In this chapter, we investigated different fields of supercontinuum applications, from
its crucial role in absorption and fluorescence spectroscopy to its influence on medical
and biological diagnostics through diverse examples of tissues. Finally, its significant
advancement in telecommunication through Optical Frequency Combs. These various
applications highlight the SC’s importance in precision, data transmission capacity, and
3D resolution, opening the door to a bright future with brilliant innovations in diverse

fields of development.
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II. Supercontinuum Generation in
Water: Dominant Nonlinear

Processes

The supercontinuum generation (SCG) has advanced several areas of scientific and
technological research thanks to its unique ability to transform a narrowband laser pulse
into a vast broad spectrum (rainbow of light) with high intensity and coherence. This
process is based on various nonlinear effects, which are the key to SCG. In this chapter,
we focus on the physical principles underlying SCG in water, where these nonlinear effects

play a fundamental role in the resulting spectral broadening.

II.1 Nonlinear phenomena in SCG in water

Supercontinuum generation (SCG) is essentially driven by diverse nonlinear phenom-
ena that interact with the light source (intense laser pulse) as it spreads through a medium,
producing spectral broadening. In water, only specific subgroups of these nonlinear phe-

nomena dominate due to its unique properties.

I1.1.1 Kerr effect

Nonlinear optics (NLO) is the study of the interaction between intense light (femtosec-
ond or picosecond laser) and matter when the response of the medium is dependent on the
applied electric field. Unlike linear optics, where light propagates without changing the
medium’s fundamental properties, nonlinear optical effects occur when the beam intensity
is strong enough to modify the medium’s properties. With the birth of this term (NLO)
came the emergence of Kerr effects [20].

In 1875, Kerr John observed that the isotropic materials change their behavior in the
presence of a strong electric field becoming anisotropic, the refractive index depends on
the direction of an electric field, inducing birefringence phenomenon (double refraction),

leading to the transformation of laser pulses’ polarization state from linear to elliptical

11
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shown in figure [[L1][21]. The polarization P is given by:

1 2 2
P=xWE4+xPFE2 O E3 ¢+ (I1.1)
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Figure I1.1: the schematic representation of the Kerr effect [21].

Due to the Kerr effect, high optical intensity in the medium causes a nonlinear phase
shift as the light source propagates. In simple terms, the Kerr effect is described as a

change in the refractive index in an intensity-dependent manner [22]:
An=mny-1 (I1.2)
With:
o An: The change in the refractive index due to the Kerr effect.

e no: The positive nonlinear refractive index coefficient.

o I: The optical intensity of the incident light.

I1.1.2 Self Phase Modulation (SPM)

Self-phase modulation is a nonlinear phase modulation of the light beam caused by
its intensity when it passes through a nonlinear medium. This phenomenon is caused by

the Kerr effect, inducing a time dependent phase shift in optical pulses|23], forming new

12
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frequencies in the spectrum. The evolution of the temporal phase is given by [24]:

¢ _ MaWo oI(r,t)

wit) = ot o c ot

(I1.3)

Where:
e w(t): Time-evolution of the instantaneous angular frequency of the optical field.
e ¢: Optical field’s phase.
o t: Time.
o ny: Nonlinear refractive index coefficient (positive).
e ¢: The speed of light.
» z: Propagation distance in Kerr medium.

o I(r,t): Optical intensity (function of distance r and time t).

OI(r,t)
ot

: Temporal derivative of the intensity

The generation of new frequencies depends on the temporal derivative of the intensity,
the distance z in the nonlinear medium, and its positive coefficient ny. In a Kerr medium,
the redder frequencies (longer-wavelength) are generated by the front of the beam because
of its high intensity and high refractive index, and the back part bluer frequencies (shorter-

wavelength) due to its lower intensity and refractive index [24].

I1.1.3 Self Focusing (SF)

Self-focusing is a very complex phenomenon because it originates from the combination
of various nonlinear effects occurring during the propagation of light (an intense laser
pulse) through a nonlinear medium (refractive index depends on intensity). The core
of this process is the optical Kerr effect, where the refractive index increases with the
intensity, shaping the beam into a Gaussian profile (Figure [25], leading to self-
induced lensing, causing the beam to shrink inward and become more intense, like a

convex lens [25], when the pulse power exceeds the self-focusing threshold. The critical

13
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power for this process is (I1.4) [26]:

377N

8mngna

(I1.4)

Where: \: The laser wavelength.
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Figure I1.2: 3D surface plots of spatial intensity evolution of a Gaussian beam.

(a)

y\f/x

(a): represents the plot of a beam with high peak intensity. The center of
the beam has a higher intensity than the edges, undergoing the self-focusing
process, which makes the energy concentrate at the center. (b): represents the
plot of a beam with low peak intensity. The intensity distribution is smoother,
with a moderately low peak at the center, and the broad shape does not have

a significant modification [25].

I1.1.4 Filamentation

Laser-pulse filamentation is a crucial branch of optical physics that studies laser mat-
ter, driven by varietal mechanisms. It happens when an intense, ultrashort laser pulse
propagates through a nonlinear medium (Kerr medium), due to the dynamic balance be-
tween Kerr self-focusing (the intensity-dependent refractive index) and plasma-defocusing
(caused by the strong electric field of the incident beam, ionizing the region around it cre-
ating plasma, which has a lower refractive index than the medium). This balance creates
a narrow, constantly high-intensity channel that propagates over long distances, known as
a “filament”, shown in Figure [[I.3] This process enriches the frequency-angular spectrum

of the laser, leading to SCG [27].
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Kerr self-focusing lonization Filament

& [
= .

(a) (b)

Figure I1.3: Schematic illustration of the laser filamentation process. (a) Kerr
self-focusing of a beam. (b) Plasma defocusing of the beam. (c) Illustration
of the beam shrinking and the creation of plasma that leads the beam out of

this region, creating a long filament [28].

I1.1.5 Raman effect

The Raman effect is the study of light’s interaction with the vibrational and rotational
modes of molecules in inelastic scattering, using visible light. When laser pulses interact
with the medium, they can excite these molecules to vibrational or rotational states,
leading to Stokes or anti-Stokes shifts (depending on the energy of the scattered photons
"lower or higher than the incident photons”) [6] shown in Fig [6].
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Incident frequency
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(anti-Stokes) scattering (Stokes)

Figure I1.4: Illustration schematic of energy levels in Raman effect for molecular

systems [6].

o Stokes: When the energy of the incident light is higher than that of the scattered
light. It occurs when the molecules of the incident photons absorb a photon and
remain at a higher vibrational level, resulting in a scattered photon with lower

energy. (see Fig [[1.4])

o Anti-Stokes: when the energy of the scattered light is higher than the incident
light. It happens when the molecules are already in an excited vibrational state
and absorb a photon, relaxing to a lower vibrational state, emitting a photon with

higher energy. (see Fig [I1.4))

« Rayleigh scattering: When the energy of the scattered photon is the same as the
incident photon. The initial and final vibrational states of the molecules are also

the same, resulting in elastic scattering. (see Fig [I1.4))

The energy change in laser-medium interaction corresponds to the creation or destruc-

tion of a phonon (Stokes or anti-Stokes scattering), according to [29]:

hws = hw; F hwp? (115)
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Where: h: The reduced Planck constant. w;, ws, w,: are the frequency of the incident
photon, the scattered photon, and the phonon, respectively.
n(w,t): The population factor of phonons at thermal equilibrium, given by [29]:

1
n(w,T) = - (k,BﬂT) T (IL.6)
Where:
e kp: Boltzmann constant.
o T: Absolute temperature
The intensity of the scattered phonon is given by [29]:
I, oc I (w)w? {%} , (I11.7)

Where: x”(w): The nonlinear susceptibility’s imaginary part.

The Contribution of the Raman effect in supercontinuum generation (SCG) lies in the
broadening of the spectrum. Stokes scattering generates red-shifted photons in the SC
spectrum, enhancing the spectrum at long wavelengths (toward the infrared) [30].

Anti-Stokes scattering creates blue-shifted components, which are generally weaker
than the red ones because they require a higher initial thermal excitation. They contribute

to the SCG spectrum by adding short-wavelength (UV or Visible) photons [31].
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In this chapter, we explore the fundamental nonlinear processes in SCG in water, fo-
cusing on its keys mechanisms, such as Kerr effect, self-phase modulation, self-focusing,
filamentation, and Raman scattering, discussing the role of each in SCG. Clarifying these
pieces of information for the best understanding and a simple vision of the whole phe-

nomenon.
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II1. Interaction Medium and Source:

Water and Laser Traits

Supercontinuum generation in water results from a complex combination of vital non-
linear optical effects. Building upon these key aspects discussed in the previous chapter,
in this one, it’s essential to shift our focus to other parameters that influence this process.
A deep understanding of the medium’s properties (optical and physical) is fundamental

for predictive modeling of ultrashort pulse propagation in such a medium.

III.1 Properties of water

Water is a ubiquitous and essential substance, it’s marked as a highly relevant medium
in the context of nonlinear optics. It has unique physical and optical properties that make
it a promising candidate for various laser applications. Here are the most fundamental

properties:

I11.1.1 Dielectric nature

Water is a dielectric medium, which means it doesn’t conduct electricity, but responds
to an electric field by becoming polarized. It has vital properties, such as high relative
permittivity. Because of its molecular polarity and hydrogen-bonding network, water can
reduce the electric field within it. Its relative permittivity (e, ) is estimated at 78.4 under
room temperature conditions (25°C). Its behavior also depends on the frequency, at low
frequencies, the permittivity is high because the molecular dipoles can follow the field of
oscillations. However, the permittivity decreases at high frequencies, causing the dipoles
to lag. At this condition of temperature, the relaxation time of water is 8.21 ps. Under
high-intensity fields, the dielectric medium “water” exhibits a nonlinear response. These
dielectric characteristics enable key nonlinear optical phenomena as SPM, SF, etc, which

are the main processes of this study[32].
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I11.1.2 High refractive index ny

The nonlinear refractive index ny is a parameter that quantifies the intensity-
dependent change in the refractive index of a nonlinear medium. The searches prove
that water has a high ny compared to many transparent dielectrics, enabling strong non-
linear interactions even at slight intensities [33].

In the newest study of Betka [34] on nonlinear optical refractive index measurements of
pure water via Z-scan technique at 800 nm, the nonlinear refractive index was measured as
ny = (841.4) x 1072 m?/W at 800 nm (NIR region) for pure water. These measurements
are significant for understanding this property of water as a nonlinear medium for SCG

application.

II1.1.3 Absorption and transparency

Water absorption refers to the process by which water molecules take up electromag-
netic radiation and relay it to other forms of energy [35]. It is a wavelength-dependent
process that is influenced by molecular rotation, vibration, and electronic transition. Hale
and Querry [36] demonstrate that water is almost transparent in the visible and NIR re-
gions, making it ideal for transmitting high-intensity ultrafast pulses, enabling perfect
propagation of laser without absorption losses. This transparency is essential for nonlin-
ear phenomena like self-phase modulation, self-focusing, etc, and the longer interaction
lengths allow more efficient spectral broadening in SCG [37, 36]. However, in the UV
and MIR regions, water represents strong absorption bands; These absorption peaks arise
firstly due to combination bands of vibrational modes in the MIR and electronic transi-
tions in the UV [36].

At high intensities, the absorption in water can lead to an increase in temperature at
the focal point, leading to ionization of water, which forms plasma, that can affect the
generation of supercontinuum. As the plasma has a different refractive index than the
water surrounding, which perturbs the phase matching conditions for wave propagation,
reducing the spectral broadening. Additionally, the defocusing effect of the plasma causes
the beam to diverge, reducing the intensity of the pulses at the focal point and thereby

reducing the nonlinear interactions required for SCG [37, [3§].
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II1.1.4 Dispersion characteristic

In optics, dispersion is the phenomenon describing the dependence of a wave’s phase
velocity on its frequency. This variation causes various wavelengths to propagate at
different speeds through a medium, resulting in the separation of the light pulses into
spectral components [39].

There are many types of dispersion. Normal dispersion is the decrease of the refractive
index with the increasing wavelength, which makes the lower frequencies (redshifted)
travel faster than the higher ones (blueshifted). When the refractive index increases with
the wavelength, the dispersion is called anomalous, making the higher frequencies move
faster [40]. Chromatic dispersion includes both normal and anomalous dispersion [41]. In
water, all of these types can appear:

Normal dispersion: The water exhibits this type of dispersion in the visible range
(400-700 nm). In the study of Daimon, M. et al. [42], they marked different refractive
indices at various temperatures (Fig. . In the results, the refractive index decreases
as the wavelength increases, which proves the presence of normal dispersion in the near-

infrared to the ultraviolet regions.
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Figure II1.1: Wavelength dependence of fit residuals (x107%) for refractive index

measured in water at different temperatures. [42]
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Anomalous dispersion: is widely observed in the ultraviolet (UV) and mid-infrared
(MIR) regions near vibrational absorption bands [43], which is proven in the study of
Mehmet Hancer and his team [44]. They used the Infrared Attenuated Total Reflection
(IR-ATR) technique in which the IR beam is directed into a high refractive index crystal
with an angle exceeding the critical angle of internal reflection [45], to test the optical
behavior of the water in the MIR region. The comparison between the distortion near the
strong vibrational absorption bands and the theoretical models confirmed that anomalous
dispersion occurs in water exactly in this region (MIR), because of the rapid change of
the refractive index with wavelength around the vibrational bands, which is the signature
of anomalous dispersion [44]. In addition, in the UV regions, the researchers confirmed
the presence of anomalous dispersion in the water.

Chromatic dispersion: is the most famous type of dispersion; it means that both
normal and anomalous dispersion can appear in the same medium. In the search of
Guogiang Lan and his team [46], they used the liquid-prism SPR sensor setup, in which
the incident light is focused on the metal layer placed on the prism. The SPR sensor
detects changes in the refractive index of the medium, using a wide spectral range (from
450 to 1050 nm) at a temperature of 20°C. They observed that at short wavelengths
the refractive index is high, and vice versa. This variation confirms that the refractive
index varies across the spectrum, demonstrating that water exhibits chromatic dispersion.
This study proposed a new practical application to measure the chromatic dispersion in

liquids[46].

II1.2 Laser characteristics

Lasers play a central role in generating a supercontinuum, as all of the nonlinear

phenomena involved depend on the characteristics of the incident pulses, which are:

II1.2.1 Pulse width and peak power

Pulse width refers to the duration of time a laser pulse occurs. The shorter pulses, typ-
ically from femtoseconds to picoseconds, generate higher intensities for such wavelengths

(inversely proportional, Eq. [I1I.1)), which optimize nonlinear effects[47], 48]
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E
Pheak = = (IIL.1)

Where:

o FE: The energy of the beam.

e 7: The duration.

Short pulses are capable of delivering extremely high peak powers even with moderate
energy levels. This high peak intensity is critical for triggering various nonlinear optical
effects such as SPM, self-focusing, Raman scattering, all of which contribute to SCG in

water. [47, 48]

I11.2.2 Wavelength

The choice of laser wavelength is a crucial step in each study, because it influences
the light-medium interaction. For example, at (700 to 1300 nm, infrared regions), water
exhibits low linear absorption, making the pulses propagate without any energy loss.
This transparency is ideal for the nonlinear interactions, which are essential in various

applications, such as in supercontinuum generation[49).

1I1.2.3 Monochromaticity

Refers to light emission with a single frequency or a very narrow range of wavelengths.
This can occur with two processes: the first is the selective amplification, meaning that
only electromagnetic (e.m.) waves of specific frequency can be amplified; the second
process is the filtering of the resonance cavity, due to the mirrors of the optical resonator
acting as a frequency-selective cavity that selects only certain modes, resulting in the
oscillation occur only at those resonance frequencies (Fig . This produces a narrower

beam than the natural linewidth of the spontaneous emission.

—— e v ———

Qutput Beam

. \ o - -

Mirror 1 Active Materigt ~ Mirror2

Figure I11.2: Schematic of laser[47]
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111.2.4 Coherence

Refers to the degree to which an electromagnetic wave preserves a fixed phase rela-
tionship in different points of space (spatial coherence) or over different moments in time
(temporal coherence) [47]. Spatial coherence ensures a specific phase of all beam points,

but temporal coherence evaluates the stability of the phase [50} 51].

II1.2.5 Brightness

It is defined as the power emitted per unit of surface area per unit of solid angle
(W/m?sr). For lasers, the brightness is very high due to the small beam area and low

divergence angle, It’s given by [47, [51] :

4P

b= (mDO)?

(111.2)

Where: P is the power.
The laser brightness is maximum when the beam is perfectly spatially coherent (diffrac-

tion is limited).

I11.2.6 Directionality

The direction of the lasers appears when the gain medium is placed inside a resonant
cavity, enforcing the nearly perpendicular waves to the mirrors (Fig. [[I1.2]) can oscillate,
making the laser point in one direction [47]. In the perfect case of coherence, the beam’s

divergence is limited by the diffraction, which is given by:

0, — 5DA (111.3)

Where 6, is the diffraction angle, D is the beam diameter, § is a constant (~1), and
A is the laser wavelength.

The divergence for partial coherence increases and becomes:

(I11.4)

Where A, is the coherence areal51] [47].
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I11.2.7 Repetition rate

This refers to the number of pulses emitted per second; the choice of repetition rate
affects the peak power of the laser. Its generation depends on the type of laser and the
mechanisms used to generate the pulses[52]. For example, the most common methods

used to create laser pulses are:

1. Mode locking: It is a group of techniques to produce ultrafast lasers (picoseconds
or femtoseconds), by locking different longitudinal modes of the laser in a laser
cavity, making them oscillate simultaneously with fixed relativity, causing the modes
to interfere at specific intervals, producing a periodic train of pulses. To produce
higher repetition rates, a short cavity length and medium with a low refractive index

must be used[53]. This relation is determined by:

C

= — I11.
frep onlL ( 5)

Where c is the light velocity, n is the refractive index of the medium, and L is the

cavity length.

2. Q-switching: This technique generates short light pulses, like nanosecond ones,
by storing the energy of the laser pumped in a cavity with a low-quality factor (Q),
using a Q-switch device. As the Q) factor increases due to the Q-switch device, the
stored energy is released in the form of a laser pulse (short and intense) with a

duration in the nanosecond range[b4].

I11.2.8 Beam profile

Is the spatial distribution of light intensity, which plays a crucial role in determining
the quality of laser in applications. There are many types, but in supercontinuum genera-
tion, the most common is the Gaussian beam profile, especially when using a high-quality
ultrafast laser[39].

The intensity distribution of the Gaussian beam is bell-shaped, with high intensity in
the center, which exponentially decreases toward the edges (Fig. [II1L.3])[39, [55]; it is given
by:

25



Chapter III Interaction Medium and Source: Water and Laser Traits
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Figure II1.3: Diagram of Gaussian beam (left); the normalized irradiation of
the beam as a function of the radial distance(right).[55]

I(r) =1 2 (I11.6)
r)=Ipexp | — .
Where:

o Iy: The peak intensity at the center of the beam.

o 1: The radial distance.

o w(z): The beam radius at position z

The radius position is given by:

2 2
W(z) = Woy/1+ (;) where zp = ﬂf\/o : (ITL.7)

With: zg: represents the distance from the waist.
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In this chapter, we explored the intrinsic properties of water as the nonlinear medium
and the critical characteristics of lasers that influence supercontinuum generation. Under-
standing water’s dielectric nature, high nonlinear refractive index, absorption spectrum,
and dispersion behavior is essential for accurately modeling the interaction of ultrashort
laser pulses within it. The optical transparency of water in the visible and near-infrared
regions, combined with its dispersion properties, sets the foundation for efficient nonlinear
phenomena such as self-phase modulation and self-focusing.

Additionally, the laser parameters including pulse width, peak power, wavelength,
coherence, brightness, directionality, and repetition rate play a pivotal role in determining
the efficiency and spectral characteristics of the generated supercontinuum. The interplay
between the medium’s properties and the laser source parameters governs the complex
nonlinear optical processes involved.

This information lays a solid groundwork for the following chapter, where the results of
supercontinuum generation experiments and simulations will be presented and analyzed

in detail.
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IV. Numerical Simulation of
Femtosecond Laser-Induced
Supercontinuum (seneration in

Water: Results and Discussion

This chapter presents a comprehensive numerical study of supercontinuum generation
(SCG) in water induced by femtosecond laser pulses. SCG is a highly nonlinear optical
phenomenon resulting in the broadening of the input pulse spectrum due to a combination
of nonlinear effects such as self-phase modulation, Kerr-induced self-focusing, plasma
generation, and dispersion. Water, being a weakly absorbing dielectric at 800 nm, offers a
suitable medium for such nonlinear interactions. The simulations were carried out using a
generalized nonlinear Schrodinger equation (GNLSE) in the frequency domain, including

contributions from Kerr nonlinearity, multiphoton ionization, and plasma defocusing.

IV.1 Theoretical Model

We employed the GNLSE in the frequency domain to model the propagation of the

femtosecond laser pulse in water. The equation takes into account [56]:

Linear dispersion, characterized by the second-order dispersion coefficient [y =

25fs? /mm at 800 nm.
o Kerr nonlinearity, modeled by an intensity-dependent phase shift.
o Self-focusing, due to the nonlinear refractive index.
« Multiphoton ionization (MPI), a dominant ionization mechanism at 800 nm.

o Plasma formation, with inverse Bremsstrahlung absorption and defocusing effects.
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; 2
gA_—Z?%:+ nAPA -S4 - HEA - iQkOpQA (IV.1)
VA ——— Un

] ] Kerr nonlinearity
Dispersion

Linear loss ~ Plasma absorption  plasma defocusing
where:
o« A= A(z,t): Complex pulse envelope (time domain),

e [2: 2nd-order dispersion coefficient [fs?/mm],

« 7 = “f=: Nonlinear parameter [(W='m™!]. The Effective Area Aoz quantifies the

spatial extent of the laser beam’s intensity profile. For a Gaussian beam, it is derived
from the beam waist wy: Aeg = T wE.

e «: Linear absorption coefficient [m™1].

o pe(2,t): Free-electron density [m™3].

 arp: Inverse Bremsstrahlung absorption coefficient [m?].

o ko = ?\—g Wavenumber in vacuum (Ag: central wavelength of the laser pulse in a

vacuum).

Plasma Dynamics
The free-electron density evolves through multiphoton ionization (MPI) using an ex-

plicit forward Euler scheme [57]:

(n+1) _ p((in) +Az- O_K]KMPI (pnt _ Pén)) (IVQ)

e

where n is the iteration index for the electron density update, o = 2 x 107! m?s71,

Kypr = 6, and Pt = 6.7 x 102 m~3.

Numerical Solution: Symmetrized Split-Step Fourier

Method

The GNLSE is solved using a symmetrized split-step Fourier method [58]:
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Step 1: Linear Step (Frequency Domain, Half-Step)
Propagate half-step using dispersion and linear absorption [58]:

Alw, 2z + Az/2) = A(w, 2) exp [(D(w) - ) ] (IV.3)

D(w) = —i§2w2 (IV.4)

where w is the angular frequency grid for dispersion calculation in the Fourier domain.

Step 2: Nonlinear Step (Time Domain)
« Compute intensity: I = |A]*/Aeg-
« Update plasma density via Euler method (Eq. (IV.2)).
» Apply nonlinear/plasma effects:

apeAz ko

Az + Az, t) = Az, t) exp |iy|A*Az — 5 o

Step 3: Linear Step (Frequency Domain, Half-Step)

Repeat Step 1 to complete the full symmetric step.

Numerical Implementation Details

« Temporal Grid: N = 2! points over ¢ € [—107,, 107,] with 7, = 140fs.
« Initial Condition:

t2 E
A(0,t) = \/ Pyeak €Xp <—27_92> . Ty =Tp/1.665, Poeax = \/7_;;_]3 (IV.6)

« FFT/IFFT: SciPy’s ‘fft‘/‘ifft' for domain transitions.

IV.2 Simulation Parameters

Table presents the key parameters used in our model.
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Table IV.1: Laser and water parameters used for SCG simulation

Category Parameter Value

Unit

Laser Parameters

Wavelength () 800
Pulse duration (FWHM) (7,) 140
Pulse energy (F) 1
Spatial beam waist (wy) 5
Beam propagation distance 1
Temporal profile Gaussian

Water Parameters
Linear refractive index (n) 1.33
Nonlinear refractive index (ny) 8 x 1072
Absorption coefficient at 800 nm ~107*

Tonization threshold 6.5

nm

fs
wd
pm

cm

m? /W
cm

eV

IV.3 Initial Laser Pulse

IV.3.1 Temporal Profile

The initial laser pulse temporal profile is visualized in Figure
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Initial Laser Pulse Temporal Profile
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Figure IV.1: Initial Laser Pulse Temporal Profile.

The initial laser pulse used in our simulations has a Gaussian temporal profile with a
full width at half maximum (FWHM) of approximately 140 fs, centered at t = 0 fs. This
profile is typical for femtosecond Ti:Sapphire laser systems commonly used in ultrafast
optics experiments. The smooth Gaussian shape indicates a transform-limited pulse with
minimal chirp, which is ideal for studying nonlinear optical effects.

This choice of pulse parameters aligns with experimental setups reported by Brodeur
and Chin [59], who used similar pulse durations in their studies on supercontinuum gen-

eration in condensed media.

IV.3.2 Pulse Spectrum

Figure shows that the initial laser pulse spectrum has a bandwidth centered
at 800 nm, the standard wavelength for Ti:Sapphire laser systems. Its spectral width
matches that of a transform-limited 140 fs pulse. This narrow starting spectrum provides
a clear baseline for observing the spectral broadening that occurs during supercontinuum

generation.
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Initial Laser Pulse Spectrum
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Figure IV.2: Initial Laser Pulse Spectrum

This spectral characteristic is similar to those used in experimental studies by Liu et al.
[60], who employed 800 nm pulses from Ti: Sapphire lasers to investigate supercontinuum
generation in water. The narrow initial bandwidth allows for precise tracking of the

spectral evolution during propagation.

IV.4 Supercontinuum Spectrum Evolution

Figure presents the evolution of the laser pulse spectrum as it propagates through
the water medium. The normalized spectral intensity is plotted against wavelength for
different normalized propagation distances: the initial pulse (z/zy4. = 0, blue line) and

at subsequent points z/zy., = 0.3 (orange), z/zma: = 0.6 (green), and z/ 2,4, = 1.0 (red).
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Supercontinuum Spectrum Evolution
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Figure IV.3: Supercontinuum spectrum evolution.

The input laser pulse possesses a narrow spectrum centered around the fundamen-
tal wavelength of 800 nm (characteristic of the initial femtosecond pulse before signifi-
cant nonlinear interaction). As the pulse propagates, its spectrum undergoes important
broadening. At z/zy.: = 0.3, noticeable broadening occurs, primarily towards longer
wavelengths (red-shift). By z/z,.. = 0.6, the broadening is substantial, extending sig-
nificantly to both shorter (blue-shift) and longer wavelengths compared to the initial
spectrum. At the final propagation distance (z/zy,.. = 1.0), the spectrum spans a vast
range, from below 700 nm to beyond 950 nm, signifying the generation of a broad super-
continuum.

The observed spectral broadening is driven predominantly by self-phase modulation
(SPM). SPM arises from the time-dependent nonlinear phase shift imparted on the pulse
due to the intensity-dependent refractive index (Kerr effect) and the rapidly changing
refractive index associated with plasma generation.

The broadened spectrum at z/z,., = 1.0 exhibits some asymmetry, with potentially
more pronounced broadening towards the red side initially, although significant blue-
shifting also occurs. This asymmetry can be influenced by self-steepening effects, plasma-
induced blue-shifting, and the specific dispersion profile of water. Furthermore, the spec-
trum displays pronounced oscillatory structures (modulations). These modulations are
characteristic of SPM and can arise from the interference between different frequency com-

ponents generated at different temporal parts of the pulse or potentially indicate temporal
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pulse splitting followed by interference. The extent of spectral broadening directly corre-
lates with the propagation distance, consistent with the cumulative nature of nonlinear

phase accumulation.

IV.5 Phase Diagram for Supercontinuum Generation

The figure presents a phase diagram illustrating the dependence of supercon-
tinuum generation (SCG) efficiency, quantified by the normalized spectral width, on the
input laser pulse duration (femtoseconds) and the normalized input power (P/P,..). P,
represents the critical power for self-focusing, a key threshold parameter in nonlinear
optics. The color map, ranging from deep purple (low spectral width) to bright yellow
(high spectral width), provides a quantitative visualization of the SCG extent across the

parameter space.

Phase Diagram for Supercontinuum Generation
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Figure IV.4: Phase diagram for SCG.

The diagram prominently features a dashed red line at P/P,., = 1, explicitly demarcat-
ing the critical power threshold. Below this threshold (P/P,., < 1), the normalized spectral
width remains minimal, indicating negligible or weak SCG. This region is appropriately
labeled as the "Weak SCG Region”. This observation underscores the fundamental role

of self-focusing, which only becomes dominant when the input power exceeds the critical
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power, in initiating significant spectral broadening.

Above the critical power threshold (P/P,, > 1), a dramatic increase in the normalized
spectral width is observed, signifying the onset of efficient SCG. This area is designated as
the ”"Strong SCG Region”. The spectral broadening is a direct consequence of enhanced
self-phase modulation (SPM) and other nonlinear processes, which are significantly am-
plified once self-focusing overcomes diffraction.

Within the strong SCG regime, the diagram reveals an "Optimal Region” where the
spectral broadening reaches its maximum extent (indicated by the brightest yellow/green
colors and contours corresponding to high spectral width values, e.g., > 0.8). This op-
timal window appears centered around pulse durations of approximately 80-100 fs and
normalized powers of P/P,. =~ 1.2 — 1.4. This suggests a complex interplay between
pulse duration, peak power, and the dynamics of self-focusing, plasma generation, and
dispersion, leading to an optimal condition for maximizing spectral bandwidth.

For a fixed power above P,,, the spectral width generally decreases as the pulse dura-
tion increases beyond the optimal region (e.g., towards 250 fs). This can be attributed to
factors such as the inverse relationship between initial peak intensity and pulse duration
for a fixed energy, and potentially stronger group velocity dispersion effects for longer
pulses which might limit the interaction length or efficiency of temporal compression
mechanisms.

The arrow labeled "Threshold Behavior” points towards the transition zone around
P/P.. = 1, emphasizing the sharp change in SCG efficiency as the input power crosses
this critical value. This highlights the highly nonlinear nature of the SCG process and its
strong dependence on reaching sufficient intensity for self-focusing to dominate.

This phase diagram ( provides a valuable map for predicting and optimizing
SCG in water. The simulation parameters provided in [[V.1] (7, = 140 fs, P/P, > 1)
fall within the "Strong SCG Region”, consistent with the significant spectral broadening
observed in figure The diagram effectively encapsulates the critical dependence of
SCG on exceeding the self-focusing threshold and identifies the parameter space conducive

to efficient broadband light generation.
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IV.6 Spatiotemporal Intensity Evolution

Figure provides a three-dimensional visualization of the laser pulse intensity
evolution, mapping normalized intensity (represented by color and height) as a function
of both propagation distance (z—axis, 0 to 1.0 cm) and local time within the pulse frame
(t—axis, —800 to 800 fs). This spatio-temporal representation offers insights into how the

pulse shape and peak intensity change dynamically during propagation.
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Figure IV.5: Spatiotemporal Intensity Evolution.

Figure clearly shows an increase in the peak normalized intensity as the pulse
propagates from z=0 towards z=1.0 cm. This is consistent with the self-focusing phe-
nomenon, where the beam spatially contracts, leading to higher on-axis intensity.

While the initial pulse likely has a smooth temporal profile (Gaussian), the figure sug-
gests modifications to this profile during propagation. The intensity distribution appears
to become steeper at the leading edge and potentially develops substructures or undergoes
compression/broadening, although the resolution might limit detailed observation.

The highest intensities are confined to the central temporal region of the pulse (around
t=0 fs) and occur at longer propagation distances where self-focusing effects are most
pronounced. This spatio-temporal localization is critical for driving highly nonlinear

processes like MPI and strong SPM.
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Figure serves as a comprehensive qualitative overview, integrating the spatial
focusing aspect (implicitly, via intensity increase) with the temporal evolution. It visually
confirms that the conditions for strong nonlinear interactions (high intensity) are met

and sustained over a significant portion of the propagation path, particularly in the latter

stages.

IV.7 Spatial Beam Profile Evolution

Figure visualizes the evolution of the laser beam’s spatial intensity profile as it
propagates through the medium. It plots the normalized intensity (color map and height)

against the radial distance from the beam axis (x—axis, 0 to 20 pm) and the propagation

distance (y—axis, 0 to 1.0 cm).
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Figure IV.6: Spatial beam profile.

At the entrance of the medium (2=0), the beam exhibits a Gaussian profile, with a
characteristic width (initial waist wy = 5 pm. As the beam propagates along the z—axis,
an important reduction in its radial extent is observed. The high-intensity core of the
beam contracts significantly, concentrating the energy towards the propagation axis (r=0).
This spatial collapse is a direct visualization of the self-focusing effect driven by the Kerr
nonlinearity for P > P.,,.

While strong focusing is evident, the beam does not appear to collapse to an in-

finitesimal point (singularity). Instead, the minimum beam waist seems to stabilize or
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be arrested at a finite value at longer propagation distances. This arrest of self-focusing
is typically attributed to counteracting effects, most notably plasma defocusing, which
becomes significant at the high intensities reached near the focus.

The plot (figure clearly shows that the highest intensities are tightly confined
to a small radial region near the axis (r &~ 0) after propagating some distance, confirming

the spatial localization of the intense light required for efficient nonlinear interactions.

IV.8 Supercontinuum Spectral Evolution

Figure [[V.7] shows a three-dimensional perspective on the spectral evolution during
supercontinuum generation. It plots the normalized spectral intensity (color map and

height) as a function of wavelength (x—axis, 400 to 1200 nm) and propagation distance

(y—axis, 0 to 1.0 cm).
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Figure IV.7: Supercontinuum Spectral Evolution.

Figure [[V.7] illustrates the progressive broadening of the spectrum as the pulse prop-
agates through the water medium. Starting from a narrow spectral peak centered at
800 nm at z=0, the spectrum expands dramatically along the propagation axis. At the

output (z=1.0 cm), the spectrum covers a wide range, extending from the visible (be-
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low 700 nm) into the near-infrared (beyond 1100 nm), characteristic of a well-developed
supercontinuum.

The three-dimensional view reveals the dynamic nature of the spectral broadening
process. New frequency components appear and intensify at different propagation dis-
tances. The complex structure, including the emergence of distinct spectral peaks and

valleys, evolves continuously along the z—axis.

The broadening mechanism, primarily SPM, is clearly visualized as the spectral energy
spreads out from the initial 800 nm peak with increasing propagation distance. The

generation of frequencies both lower (red-shifted) and higher (blue-shifted) than the input

frequency is evident.

IV.9 Plasma Density Distribution

Figure presents a three-dimensional visualization of the generated plasma density.
It maps the normalized plasma density (color map and height) as a function of radial
distance (z—axis, 0 to 20 pm) and local time within the pulse frame (y—axis, —800 to

800 fs). This likely represents the plasma distribution at a specific, advanced propagation

distance (e.g. z=1.0 cm) where plasma generation is significant.
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Figure IV.8: 3D visualization of plasma density distribution in space and time.
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The plasma is highly localized both spatially and temporally. Spatially, the highest
plasma density is confined to the central region of the beam (small radial distances, r &
0). Temporally, it is concentrated around the peak of the pulse (£ ~ 0 fs). This spatio-
temporal distribution directly mirrors the region of highest laser intensity, as expected
from the intensity-dependent nature of multiphoton ionization (MPI). The plasma forms
preferentially where and when the laser intensity exceeds the ionization threshold. This
confirms the tight coupling between the intensity dynamics (governed by self-focusing, see

figure [[V.5] and [ITV.6)) and the plasma generation process.

The plasma density exhibits relatively sharp boundaries in both the radial and tempo-
ral dimensions, reflecting the highly nonlinear dependence of MPI rates on laser intensity.
Below the threshold intensity, ionization is negligible.

Figure provides a detailed spatio-temporal map of the plasma generated during
SCG. Understanding this distribution is crucial because the plasma significantly influences
the pulse propagation through plasma defocusing (affecting the refractive index) and ab-
sorption. The localized nature of the plasma ensures that its effects are most pronounced
on the highest intensity part of the pulse, contributing to complex reshaping dynamics
and influencing the spectral broadening process (e.g., via plasma-induced blue-shifting

and phase modulation).

IV.10 Parameter Space for Supercontinuum Gener-
ation

Figure presents a three-dimensional surface plot visualizing the normalized spec-
tral width (representing SCG efficiency) as a function of normalized input power (P/P,,,
r—axis, 0.4 to 2.0) and input pulse duration (y—axis, 50 to 250 fs). The normalized
spectral width is represented by the height of the surface and the color map.
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3D Parameter Space for Supercontinuum Generation
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Figure IV.9: 3D parameter space for SCG.

Figure clearly illustrates the threshold behavior around P/P,. = 1. For P/P,. <
1, the surface remains flat and low (dark purple), indicating minimal spectral broadening

regardless of pulse duration. As P/P,. increases beyond 1, the surface rises steeply,

signifying the onset of efficient SCG.
This plot ([IV.9)) effectively combines the dependencies shown in the 2D phase diagram

(figure [IV.4)) into a single surface. It confirms that achieving significant spectral broad-

ening requires exceeding the critical power threshold. Furthermore, it visualizes how, for
a given supercritical power (P/P,. > 1), the efficiency of SCG varies with pulse duration,

generally showing an optimal duration range (around 75-125 fs in this view) where the

spectral width is maximized.

The surface exhibits a ridge corresponding to the optimal conditions for SCG, where
the spectral width reaches its peak. This ridge is located in the P/P,. > 1 region and

appears to curve slightly within the pulse duration axis, consistent with the "Optimal

Region” identified in the 2D phase diagram (figure [V .4)).
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In this chapter, we presented a detailed numerical investigation of SCG in water under

femtosecond laser excitation. We modeled the complex interplay of nonlinear effects in-

volved in SCG by solving the GNLS equation that describes these terms. Our simulations

confirm that:

Water is an effective nonlinear medium for SCG.

The Spectral Broadening is asymmetric, extending from 700nm (blue-shifted), which
is influenced by plasma effects, to above 1100nm (red-shifted), shaped by self-phase
modulation (SPM) and the self-steepening.

The spatiotemporal intensity profile shows a strong self-focusing effect, where the
pulse collapses in the transverse direction and compresses temporally, leading to

intensity peaks that trigger multiphoton ionization.

Plasma density is highly localized at the spatiotemporal center of the pulse, both
radially (r =~ 0) and temporally (t ~ 0 fs), coinciding with the region of maxi-
mum intensity. This supports the expected intensity dependence of multiphoton

ionization.

A clear power threshold exists at P/P,, ~ 1, beyond which SCG becomes efficient.

Below this threshold, spectral broadening is minimal regardless of pulse duration.

The parameter space analysis reveals an optimal regime for SCG in the pulse du-
ration range of 75125 fs, where the balance between peak power and nonlinear
interaction is maximized. The longer durations lead to reduced efficiency while too
short durations (<70 fs) may result in stronger plasma effects that limit spectral

extension.

These results will guide innovative experimental setups and future applications of SCG

in various fields.
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conclusion

This study has offered a comprehensive numerical framework and theoretical investiga-
tion of supercontinuum generation (SCG) in water, initiated by femtosecond laser pulses,
and simulated by solving the Generalized Nonlinear Schrodinger Equation (GNLSE).

From a theoretical standpoint, the work first confirmed the pertinence of water as
a nonlinear medium, highlighting its unique properties that affect the generation of the
supercontinuum. The dominant nonlinear effects involved in the process (e.g. Kerr ef-
fect, Self-phase modulation, filamentation..) were studied in detail to build a coherent
understanding of their contributions to the evolution of the broad spectrum.

On the practical side, the numerical simulations demonstrated that femtosecond laser
pulses at 800 nm, with a FWHM around 140 fs, and energies in the microjoule range, are
capable of generating a broad and asymmetric supercontinuum in water. The spectral
broadening observed from approximately 700 nm to beyond 1100 nm was shown to result
from the action of SPM, plasma effects, and other nonlinear effects in this medium.

The results confirmed the existence of a critical input power threshold (P/Pc ~ 1)
necessary for efficient SCG. Below this threshold, the nonlinear effects are weak, which
means that the spectral broadening is negligible. However, as the input power exceeds
this threshold, the propagation dynamics are dominated by strong nonlinearities, en-
abling significant spectral broadening. An optimal regime of SCG was observed within
a pulse duration range of 80-100 fs and a normalized input power of P/P,. ~ 1.2 — 1.4.
This regime achieves a favorable balance between peak intensity and nonlinear interac-
tion, while avoiding excessive plasma generation that could otherwise limit the spectral
broadening.

The special and temporal evolution of the laser pulse profiles with the density distri-
bution confirmed the role of strong self-focusing followed by localized plasma formation.
These effects are crucial in shaping the final continuum. In conclusion, the results of this
thesis contribute to a deeper understanding of SCG in aqueous media and offer clear guid-
ance for optimizing laser parameters to achieve an optimal broad and stable continuum
in water. These perspectives obtained here are crucial to support future design setups
and enhance the development of supercontinuum sources for applications in biomedical

imaging, spectroscopy, and other domains necessitating broadband coherent light.
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Abstract

This thesis investigates supercontinuum generation (SCG) in water using femtosecond laser
pulses. By solving the Generalized Nonlinear Schrédinger Equation and simulating laser pulse
evolution, the results confirm water as an efficient SC medium due to its high refractive index
and transparency. A threshold behavior near critical power (1.2—1.4) and an optimal pulse
duration (75-125 fs) were found to maximize spectral broadening. Key nonlinear effects
include plasma reshaping, self-phase modulation (SPM), and self-focusing (SF), all
contributing to spectrum expansion.

Keywords: Supercontinuum Generation — Femtosecond Pulses — Water — Nonlinear Effects —
GNLSE — Spectral Broadening.

Résumé

Cette these étudie la génération de supercontinuum (SCG) dans 1’eau a 1’aide de lasers
femtosecondes. En résolvant 1’équation généralisée de Schrodinger et en simulant 1’évolution
des impulsions, les résultats montrent que 1’eau est un milieu efficace grace a son indice de
réfraction élevé et sa transparence. Un comportement de seuil entre 1.2 et 1.4 et une durée
d’impulsion optimale (75—125 fs) maximisent I’élargissement spectral. Les effets non linéaires
clés incluent les effets de plasma, la modulation de phase auto-induite (SPM), et I’auto-
focalisation (SF).

Mots clés : Génération de Supercontinuum — Impulsions Femtosecondes — Eau — Effets Non
Linéaires — Equation GNLSE — Elargissement Spectral.
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