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Abstract

In this thesis, I describe experimental and numerical work on understanding the com-
plex nonlinear dynamics of the propagation of high-intensity laser pulses in gas-filled
hollow-core fibres (HCFs). The long interaction length and the ability to control the
dispersion and nonlinearity make HCF a great platform for exploring a wide variety of
nonlinear optical phenomena.

By employing high-order soliton dynamics, I experimentally demonstrated compres-
sion of µJ-level pulses directly from a 220 fs commercial pump laser to ∼ 13 fs in a single
stage without the need for external elements such as chirped mirrors. Moreover, I demon-
strated the generation of wavelength-tunable sub-15 fs pulses through soliton-plasma in-
teractions using the same commercial pump source. I temporally characterized the output
pulses using sum-frequency generation (SFG) cross-correlation frequency-resolved opti-
cal gating (XFROG).

Using extreme modulation instability (MI) dynamics, I demonstrated the generation
of a linearly flat supercontinuum (SC) extending from 350 nm up to 2 µm in argon-filled
broadband-guiding HCF. Moreover, I investigated the role of the Raman response on such
dynamics by using nitrogen-filled HCF. I found that due to the close rotational lines in N2,
gain suppression in the fundamental mode causes the pulse to be coupled into higher-order
modes (HOMs), which reduces the energy density of the SC.

Molecules can dissociate due to the high optical intensity of the propagating pulse, as
has been previously observed in filamentation experiments. By using molecular gases, I
was able to observe, for the first time, evidence indicating the dissociation of molecular
gases inside HCF. In particular, I observed the formation of ozone molecules inside the
fibre which is a result of the chemical reactions between the dissociated oxygen molecules
due to the high intensity of the propagating pulse. I studied the effect of such chemical
reactions on pulse propagation dynamics assisted by numerical modeling. In addition, by
using a gas mixture of molecular gases, I observed a novel phenomenon caused by the
chemical reaction between the different gas constituents.
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1. Introduction

Nonlinear optics in optical fibre provides a tool for the creation of new light sources.
Due to ultralong light-matter interaction lengths and a properly designed dispersion, fibres
have been used to discover and explore a wide range of nonlinear optical effects. The most
common type of optical fibre is the conventional telecommunications optical fibre which
consists of a solid doped core with circular cross-section surrounded by a solid cladding
with a different refractive index.

With the invention of photonic crystal fibres (PCFs) in 1996 [1] nonlinear optics in op-
tical fibre gained even more interest. The guidance properties of the PCF that yield single-
mode propagation over wide wavelength ranges independently from their core size, the
enhanced modal confinement and therefore high nonlinearity, and the ability to engineer
their dispersion profile are the main characteristics that attracted the interest of the non-
linear optics community. However, PCFs and solid core fibres in general suffer from two
major limitations. These are limited optical threshold damage and the short wavelength
edge that fibres can guide without absorbing and eventually causing permanent damage.
These limitations can be overcome by using gas-filled HCFs in general and hollow-core
photonic crystal fibres (HC-PCFs) in particular.

Gases offer attractive properties for nonlinear optics. Unlike crystals and other solid-
state materials, gases have a high optical damage threshold which allows experiments
with very high intensities. They also have the widest transparency window which gives a
large spectral range for nonlinear experiments. Moreover, the nonlinearity and dispersion
of gas-filled HCFs can be tuned by changing the pressure or by using a mixture of gases.
Gases have been used in many nonlinear experiments, such as pulse compression [2],
supercontinuum generation [3], high harmonic generation[4], and filamentation [5].

This thesis is concerned with using gas-filled HC-PCF to study a wide variety of
nonlinear optical dynamics, such as pulse compression and supercontinuum generation.
In addition, we explore a newly observed phenomenon caused by the chemical reaction
between the different gas particles.

1



Chapter 1: Introduction

Chapter 2 is devoted to the description of nonlinear pulse propagation in optical fibres.
A discussion on the linear effects on the pulse propagation is given. Different nonlinear
responses and their effect on the propagation of ultrashort pulse are discussed, such as the
Kerr effect, Raman scattering, and photo-ionization. A brief discussion of HC-PCFs and
their properties is given at the end of the chapter.

Chapter 3 discusses optical solitons and their propagation dynamics. Fundamental
and higher-order solitons are described. It is shown how high-order soliton dynamics can
be used to obtain shorter optical pulses. The effect of high-order perturbations, such as
self-steepening and high-order dispersion, are discussed. These effects are shown to lead
to the formation of few-femtosecond UV pulses.

Chapter 4 is dedicated to the introduction of the experimental methods used in this
work. A description of the laser systems used in this thesis is given. Since gas cells
are an essential component in all experimental setups, a brief description of their design
is introduced. In the last section of this chapter, an introduction to the pulse temporal
characterization techniques used in this work is given.

In Chapter 5 we use soliton dynamics to compress optical pulse directly from a com-
mercial laser from 220 fs full-width half-maximum (FWHM) to sub-15 fs FWHM in a sin-
gle stage. In addition, we use the interplay between soliton dynamics and photo-ionization
to obtain wavelength tuneable sub-15 fs pulses.

In Chapter 6 we experimentally demonstrate linearly flat SC generation extending
from 350 nm up to 2 µm. This is achieved via modulation instability in argon and nitrogen-
filled HC-PCF. Although they have similar nonlinearity and dispersion, the energy density
of the continuum in the visible wavelengths when using N2 is significantly less than when
using Ar. A detailed experimental and numerical investigation of this difference is pre-
sented.

In Chapter 7, we discuss our observation of the interaction of soliton dynamics with
a mixture of molecular gases which leads to chemical reactions between the gas compo-
nents inside the hollow-core fibre. In particular, we discuss our observation and investi-
gation of a temporally periodic pattern of deep-ultraviolet resonant DW at the fibre output
when an ultrafast nonlinear optical pulse propagates inside an air-filled hollow-core opti-
cal fibre.

In Chapter 8, the main results of each chapter are summarised. In addition, a dis-
cussion on some research ideas to further explore and improve some of the experiments

2



performed in this thesis is given.
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2. Background

In this chapter, an introduction to the mathematical description of the electric field
and its complex envelope is given. These are necessary to describe the propagation of
ultrashort pulses in fibres. Then, a discussion on the propagation equations for the real
electric field and its complex envelope is given. After that, the basic linear effects (mainly
chromatic dispersion) on the optical pulse are introduced. Then, the effect of different
nonlinear responses (Kerr, Raman, and photo-ionization) on the optical pulses are dis-
cussed. Finally, a brief introduction to hollow-core photonic crystal fibre is given.

2.1 Nonlinear pulse propagation in fibres

2.1.1 Ultrashort pulse description

Before discussing in detail the pulse propagation equations in fibres, a mathematical de-
scription of the pulse envelope and the pulse electric field is given. This description take
into account the multi-mode pulse propagation case. Usually, the initial pulse is given
in the (x, y, t) domain and then solved in the z-direction. However, since fibres are radi-
ally symmetric, it is easier to work with cylindrical coordinates (r, θ, z). Thus, the pulse
electric field in a waveguide is defined as [6]:

E(r, θ, z, t) =
1

2π

∫ ∞

−∞

Ẽ(r, θ, z, ω)e−iωtdω, (2.1.1)

where the integral represents the Fourier transform and Ẽ is the frequency-domain field
and can be expanded over the transverse spatial dimensions as:

Ẽ(r, θ, z, ω) =

M∑
j

ã j(z, ω)ê j(r, θ, ω)eiβ j(ω)z, (2.1.2)

4



2.1. Nonlinear pulse propagation in fibres

where j is the modal subscript, ã j(z, ω) are the modal complex spectral amplitudes, β j(ω)
are the z components of the wavevector of the modes, M is the total number of modes, and
ê j(r, θ, ω) are the normalized electric field vectors, which describe the transverse electric
field as a function of r and θ. The electric field vectors are normalized by the following:

ê j(r, θ, ω) =
e j(r, θ, ω)√

N j(ω)
, (2.1.3)

N j(ω) =
1
2

∣∣∣∣∣∣
∫ 2π

0

∫ ∞

0
ẑ · (ê j × ĥ

∗

j)rdrdθ

∣∣∣∣∣∣, (2.1.4)

where ĥ j(r, θ, ω) is the magnetic field vector, δ jk is the Kronecker delta function, and
the asterisk denotes the complex-conjugate (c.c). Given that the integrated quantity in
Equation 2.1.4 is the Poynting vector (which has units of Watt per meter square) and
considering Equation 2.1.2, it is worth mentioning that the instantaneous power for each
mode j, can be obtained by:

P j(z, t) =
∣∣∣a j(z, t)

∣∣∣2 =
2
π

∣∣∣∣∣∫ ∞

0
ã j(z, ω)e−iωtdω

∣∣∣∣∣2. (2.1.5)

It is useful to define the spectral modal field as:

Ẽ j(z, ω) = ã j(z, ω)eiβ j(ω)z, (2.1.6)

along with its Fourier transform:

E j(z, t) =
1
√

2π

∫ ∞

−∞

Ẽ j(z, ω)e−iωtdω. (2.1.7)

Note that E j(z, t) represents the real and carrier resolved field with a unit of
√

W. It is
often more convenient to work with the pulse envelope since it is less computationally
expensive and algebraically simpler to handle. To get the pulse envelope we need to take
the inverse Fourier transform over the positive frequencies only, i.e.:

E j(z, t) =
2
√

2π

∫ ∞

0
Ẽ j(z, ω)e−iωtdω. (2.1.8)

5



Chapter 2: Background

Here, E j(z, t) is the slowly varying complex envelope with phase information. It is widely
used as a convenient tool to represent the pulse. The most important example is the
nonlinear Schrödinger equation (NLSE) which is discussed in Equation 2.1.16. The real
field is related to the complex envelope through:

E j(z, t) =
1
2

(E j(z, t) + E ∗j (z, t)) = Re{E j(z, t)} (2.1.9)

By using Equation 2.1.2, Equation 2.1.1 can be re-written as:

E(r, θ, z, t) =
1
√

2π

∫ ∞

−∞

M∑
j

Ẽ j(z, ω)ê j(r, θ, ω)e−iωtdω. (2.1.10)

Equation 2.1.10 describes the real fully spatial and temporal resolved electric field in a
waveguide with M modes. The electric field in Equation 2.1.10 describes both forward
and backward propagating modes. However, in most cases, the forward-propagating field
is the only one considered due to the fact that the generated field in the backward direction
is so weak in most of the nonlinear dynamics. Hence, in what follows, only the forward
propagating field is considered.

2.1.2 Unidirectional pulse propagation equation (UPPE)

The propagation of a pulse depends on the medium in which it propagates. The electro-
magnetic field of the pulse interacts with the atoms or molecules of the medium, which
means that the pulse experiences at least the linear effects such as dispersion and loss in
the case where the intensity is low. However, if the pulse intensity is high enough, the
pulse interacts with the medium nonlinearly. The UPPE describes the evolution of the
laser pulse inside the fibre in the presence of linear and nonlinear effects. Starting from
Maxwell’s equations, a propagation equation for a broadband pulse can be derived with
minimum approximations and is given by [7, 8]:

∂ã j(z, ω)
∂z

= −
1
4

∫ ∞

−∞

∫ 2π

0

∫ ∞

0

e−iβ(ω)z+iωtê∗j(ω) ·
∂P̃NL(r, θ, z, t)

∂t

 rdrdθdt, (2.1.11)
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2.1. Nonlinear pulse propagation in fibres

where P̃NL(r, θ, z, t) is the full vectorial nonlinear induced electric polarization by the full
electric field E(r, θ, z, t). In this form of UPPE, the linear and nonlinear terms are not
separated which makes the identification of the different terms harder. Instead, by using
Equation 2.1.6, we can re-write the UPPE as [9, 10]:

∂Ẽ j(z, ω)
∂z

= i
(
β j(ω) −

ω

v

)
Ẽ j(z, ω) + i

ω

4
P̃NL

j (z, ω), (2.1.12)

where we have transformed to a frame of reference that moves with the group velocity of
the pulse (v = 1/β1) through t → t − β1z, and made use of the shifting property of the
Fourier transform. Then, P̃NL

j (z, ω) is the scalar projection of the total spatially resolved
polarization of each mode and it is defined as:

P̃NL
j (z, ω) =

∫ 2π

0

∫ ∞

0
ê∗j(ω) · P̃NL(r, θ, z, ω)rdrdθ. (2.1.13)

The LUPO group1 has developed a leading nonlinear propagation code for optical pulses
in waveguides based on a fully vectorial, (3+1)D, unidirectional pulse propagation equa-
tion called Luna. The model code can be found on GitHub at Luna2. The model basically
uses Equation 2.1.12 together with Equation 2.1.13 and Equation 2.1.10 and accounts
for different nonlinear effects. The model is based on using the Dormand-Prince method
algorithm in the interaction picture [11, 12]. The procedure for solving the propagation
problem starts by integrating Equation 2.1.12. At each step, Equation 2.1.10 is used to
obtain the full electric field. The full-electric field is then used to calculate the full nonlin-
ear polarisation in real-time and space, which is projected back onto the fibre modes using
Equation 2.1.13. A brief description of this model can be found in [13]. This model (or
a reduced version) is used for most of the numerical modeling presented in this thesis. It
is worth mentioning that in most cases, the decomposition of the electric field into spatial
modes is not necessary and researchers usually use the single-mode or mode-averaged
version of Equation 2.1.12 [10, 14–17]. The single-mode version of the UPPE can be
written as [10]:

1http://lupo-lab.com/
2https://github.com/LupoLab/Luna.jl
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Chapter 2: Background

∂Ẽ(z, ω)
∂z

= i
(
β(ω) −

ω

v

)
Ẽ(z, ω) −

α(ω)
2

Ẽ(z, ω) + i
ω2

2c2ε0β(ω)
F {PNL(z, τ)}, (2.1.14)

where the waveguide loss has been added to the equation through αwhich is the frequency
dependent waveguide loss, τ is the time in a frame moving with a reference velocity, c is
the speed of light in vacuum, ε0 is the vacuum permittivity, and F denotes the Fourier
transform. Equation 2.1.14 is a special case of Equation 2.1.12 and can be obtained by
using Equation 2.1.13, and Equations 2.1.3 and 2.1.4, alongside the following relation
[6]3:

N(ω) =
β

2µ0ω

∫ ∫
A∞

∣∣∣et
∣∣∣2dA, (2.1.15)

where µ0 is the vacuum permeability.

2.1.3 NLSE

A full derivation of the NLSE from Maxwell’s equations can be found in [7, 18]. The
NLSE in the time domain is given by:

i
∂A
∂z
−
β2

2
∂2A
∂τ2 + γ|A|2A = 0, (2.1.16)

where A = A(z, τ) is the complex power envelope, τ is a time coordinate moving with
group velocity, β2 is the second-order dispersion, γ is the nonlinear coefficient and is
defined below. A(z, τ) is related to the complex pulse envelope defined in Equation 2.1.8
by:

A(z, τ) = E (z, τ)eiω0τ−iβ0z, (2.1.17)

and γ is defined by:

γ(ω) =
3ω0χ

(3)

4n2
gas(ω0)ε0cAeff

=
n2ω

cAeff

, (2.1.18)

where β0 is the zero-order dispersion, n2 is the nonlinear refractive index, χ(3) is the third
order susceptibility, and Aeff is the effective area (see Appendix A for a description of

3See Appendix A.3
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2.2. Dispersion

Aeff). In the following sections, the tools and definitions developed here will be used to
discuss the different effects experienced by the pulse while it propagates through the fibre.

2.2 Dispersion

When light travels through a medium, the electric field interacts with the electrons of
the atoms or molecules. As the electric field oscillates, the electrons accelerate and emit
radiation with the same frequency as the driving field but usually with a phase delay.
Hence, the superposition of the original traveling field and the emitted radiation from the
electrons identifies the velocity of the overall traveling light. The emitted radiation phase
depends on the resonances present in the medium. In the case where the emitted radiation
is 90◦ out of phase with the electric field of the original traveling light, it causes the light
to travel slower. In the case where the light traveling through the medium consists of more
than one optical frequency, each one of these frequencies experiences a different phase,
hence, different velocity. This is the microscopic origin of chromatic dispersion.

The exponential term in Equation 2.1.2 describes the linear phase accumulated by the
pulse through dispersion while traveling through the waveguide. Hence, β(ω) describes
the linear phase shift per unit length as the mode propagates. It is useful to expand β(ω)
in a Taylor series about a central frequency ω0 and discuss the role of its different terms:

β(ω) = β0 + β1(ω − ω0) +
1
2
β2(ω − ω0)2 +

1
6
β3(ω − ω0) + ..., (2.2.1)

where
βm(ω) =

∂mβ(ω)
∂ωm

∣∣∣∣∣
ω=ω0

. (2.2.2)

Each of these terms has a specific meaning. β1(ω) describes the group velocity of the
traveling pulse around ω0 as introduced in Equation 2.1.12. β2(ω) describes the group
velocity dispersion (GVD) and it is a crucial parameter for different nonlinear phenomena
such as soliton formation and MI (discussed in the following chapters). β3(ω) plays an
important role for the case where β2(ω) = 0 and/or for ultrashort pulses [18]. It distorts
the pulse and leads to the formation of pre-or post-pulses, and in some situations leads to
the formation of an oscillatory structure near one of its edges.

In waveguides, the dispersion arises from the material chromatic dispersion and waveg-
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Chapter 2: Background

uide dispersion due to the geometric structure of the waveguide. For hollow-core capillaries—
which represent a useful model for a HC-PCFs—β(ω) can be described using the Marcatili
model [19, 20]:

βnm(ω) = neffk0 =

√
k2

0n2
gas −

u2
nm

a2 , (2.2.3)

where neff is the effective mode index, ngas is the density-dependent refractive index of
the filling gas, unm is the mth zero of the Bessel function Jn−1 of the first kind, and a is
the core radius. This model is derived using two important approximations. The first
approximation is |(β/k) − 1| << 1, i.e. the transverse component of the wavenumber is
very small compared to the z component. The second approximation is a >> λ, where λ
is the wavelength under consideration.

By looking closely at Equation 2.2.3, we notice that even for a fixed waveguide struc-
ture, the propagation constant (and hence the dispersion) can easily be tuned. By changing
the filling-gas species and pressure, not only the nonlinearity but also the dispersion can
be tuned. The refractive index of a filling gas is given by [20–22]:

ngas(p,T, ω) =
√

1 + Re(χe) (2.2.4)

where χe is the total electric susceptibility of the filling gas. For the linear case only we
have:

ngas(p,T, ω) =
√

1 + Re(χ(1)) ≈

√
1 +

p
p0

T0

T
δ(ω) (2.2.5)

where χ(1) is the linear susceptibility, p is the gas pressure, T is the temperature, p0 and T0

are the pressure and the temperature at given conditions, and δ(ω) is a Sellmeier equation
used to get the gas refractive index at those conditions [23]. Equation 2.2.5 describes the
change of the refractive index for an ideal gas. Care must be taken for the cases where
the filling gas starts to behave far from ideal (for example, krypton and xenon at room
temperature above 10 bar behave far from ideal) [20]. Therefore, for such cases, other
approaches can be used to calculate the gas density. In our numerical model, we use
ref. [24], which uses Helmholtz energy formulations, to calculate the gas density.

As mentioned above, the GVD plays a crucial role in many nonlinear phenomena. For
example, bright solitons can only be formed in the anomalous dispersion (β2 < 0) regime.
Hence, it is of great advantage to be able to tune the zero-dispersion wavelength (ZDW)

10



2.2. Dispersion

0 bar

10 bar

(a) (b)

Figure 2.1: (a) GVD for 16 µm core diameter HCF filled with Ar at the indicated pressures
calculated using Equation 2.2.6. (b) shows how the ZDW change with pressure and gas
species for the same fibre in (a).

given by β2 = 0. For HCFs, from Equation 2.2.3 the GVD is given by:

β2 =
ω

2
∂2Re(χe)
∂ω2 +

∂Re(χe)
∂ω

−
u2

nmc
a2ω3 (2.2.6)

This tells us that for evacuated fibre (where χe = 0), only the last term contributes to the
GVD and is always negative. This means that the waveguide has a negative dispersion
which strongly increases for small core size and low frequencies. By filling the fibre with
gas, the positive contribution from the gas to the GVD pushes the ZDW towards lower
frequencies (longer wavelengths). Therefore, by choosing the correct core size and gas
pressure, a desired ZDW can be easily obtained.

Figure 2.1(a) shows the GVD for a 16 µm core-radius HCF filled with argon (Ar) at
the shown pressures. We can see that for the pressures shown, the ZDW is less than 700
nm. This is important since the wavelengths of most ultrashort pulse sources (such as
titanium-doped sapphire lasers) are in the near-infrared region. Therefore, we can get
more nonlinearity through the increased pressure and still pump in the anomalous disper-
sion region. Figure 2.1(b) shows how the ZDW changes for the same fibre at different
pressures when filling with different noble gases.

To see the effect of the dispersion on pulse propagation in optical fibres, we set the
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Chapter 2: Background

nonlinear parameter γ to zero in Equation 2.1.16. The NLSE is then given by:

∂Ã(z, ω)
∂z

= i
1
2
β2ω

2Ã(z, ω), (2.2.7)

where we have Fourier transformed the equation. This equation has a straightforward
solution given by:

Ã(z, ω) = Ã(0, ω) exp
{

i
1
2
β2ω

2z
}
. (2.2.8)

This means that as the pulse propagates along the fibre, each spectral component of the
pulse accumulates a phase shift that depend on both the frequency and the propagation
distance. In the spectral domain, the pulse shape stays the same. However, in the time
domain, the accumulated phase translates into a linear chirp and hence pulse broadening.
For example, if the input pulse is a transform-limited Gaussian pulse, its width increases
with distance z as [18]:

τ(z) = τ0

√
1 + (z/LD)2 (2.2.9)

where τ0 is the Gaussian pulse width and LD is the dispersion length defined as LD =

τ2
0/|β2|. The dispersion length implies that after the pulse propagates one dispersion

length, its temporal envelope broadens by
√

2. When pumping in the normal disper-
sion regime (β2 > 0), the pulse acquires a positive chirp, i.e. red components of the pulse
travel faster than blue components. On the other hand, when pumping in the anomalous
dispersion regime (β2 < 0), the pulse acquires a negative chirp, i.e. blue components of
the pulse travel faster than red components.

If the input pulse is initially not transform-limited, we can use the fibre dispersion to
compress the pulse in the time domain. Depending on the input pulse chirp, we can use the
right combination of core size and gas pressure to get the right dispersion to compensate
for the pulse chirp.

2.3 Nonlinear polarization and nonlinear effects

In the previous section, the effect of the linear response of the medium on the propagating
pulse was discussed. As seen, it is a straightforward analysis where the pulse experiences
a change in its temporal profile (limited by its transform-limited width) without changing

12



2.3. Nonlinear polarization and nonlinear effects

the spectral components. To create new frequency components, a nonlinear response has
to be included in the discussion.

Looking back at Equation 2.1.11, the nonlinear polarization term accounts for all the
nonlinear processes that affect the pulse propagation in optical fibres. For gas-filled HCFs,
the nonlinear polarization can be written as:

PNL(r, θ, z, t) = PK(E) + PR(E) + PI(E), (2.3.1)

where PK(E) is the nonlinear polarization due to the the instantaneous third-order suscep-
tibility tensor χ(3) (known as Kerr nonlinearity), PR(E) is the Raman nonlinearity which
accounts for the molecular vibrational and rotational response, and PI(E) is the nonlin-
earity associated with the ionization process of the atoms or molecules at high intensities.

2.3.1 Kerr nonlinearity

The Kerr nonlinear polarization can be written as [25]:

PK(r, θ, z, t) = ε0

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞

χ(3)(−ωp;ω1, ω2, ω3, r, θ)

Ẽ(ω1)Ẽ(ω2)Ẽ(ω3)e−iωptdω1dω2dω3,

(2.3.2)

where ωp = ω1 + ω2 + ω3, and the spatial dependence (r, θ, z) is implicitly included
for Ẽ. For an isotropic medium, e.g. noble gases, and assuming that χ(3) is frequency
independent (i.e. instantaneous), χ(3) can be written as a scalar quantity [18]. Therefore,
with this assumption, we can re-write Equation 2.3.2 in the time domain as:

PK(r, θ, z, t) = ε0χ
(3)E(r, θ, z, t) · E(r, θ, z, t)E(r, θ, z, t). (2.3.3)

Consider the linearly polarized electric field 2.1.9:

E(r, θ, z, t) =
1
2

(E0(r, θ, z, t)e−iω0t + c.c)x̂ (2.3.4)
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Chapter 2: Background

where we have separated the electric field amplitude from the rapidly varying part. Sub-
stituting Equation 2.3.4 into Equation 2.3.3 we get:

PK(r, θ, z, t) =
ε0χ

(3)

8
|E0(r, θ, z, t)|2E0(r, θ, z, t)

[
e−3iω0t + 3e−iω0t + c.c

]
x̂ (2.3.5)

The first exponential term in the bracket describes a nonlinear polarization at the third
harmonic frequency 3ω0. This term requires a phase-matching condition and in most
cases can be neglected for optical fibres. Therefore, we only have the second exponential
term. If we now added the linear and nonlinear polarization we have:

Ptotal(r, θ, z, t) = ε0

[
χ(1) +

3
4
χ(3)|E0(r, θ, z, t)|2

]
E(r, θ, z, t), (2.3.6)

Ptotal(r, θ, z, t) = ε0χ
(eff)E(r, θ, z, t), (2.3.7)

where χ(eff) = χ(1) + 3/4χ(3)E2
0. If we generalized the refractive index defined in 2.2.4, we

get the effective refractive index defined by:

neff =

√
1 + χ(1) +

3
4
χ(3)|E0|

2 (2.3.8)

where we have dropped the spatial dependence of the electric field to keep the expression
simple. Since the nonlinear contribution to the refractive index is orders of magnitude
smaller than the linear refractive index, we can expand the square root to the first order:

neff = n0 +
3
8
χ(3)|E0|

2, (2.3.9)

neff = ngas +
3χ(3)

4εcn2
0

I = ngas + n2I, (2.3.10)

where we have used the intensity definition I = cε0|E0|
2/2. This defines the nonlinear

refractive index that we used to define the nonlinear coefficient in Equation 2.1.18. Thus,
the Kerr nonlinearity leads to a positive increment of the refractive index. This increase
is linearly proportional to the field intensity. For optical pulses, the field strength varies
across the pulse in space and time. Therefore, various phenomena can result from this
change such as self-focusing and self-phase modulation (SPM).
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Figure 2.2: The change in an 800 nm, 50 fs pulse with peak power of 40 MW after propa-
gating in a 20 cm HC-PCF filled with argon at 5 bar without dispersion. (a) The temporal
profile of the input (black) alongside the instantaneous frequency (dark red). (b) The
spectral power corresponding to (a). (c) The temporal profile (black) and instantaneous
frequency (dark red) after propagation. (d)The spectral power corresponding to (c) nor-
malized to the peak power of (b).

Self-phase modulation

To study the effect of Kerr nonlinearity on the pulse, let us discard the dispersion effect
by setting β2 to zero in the NLSE 2.1.16:

∂A
∂z

= iγ|A|2A, (2.3.11)

which can be directly solved:

A(z, τ) = A(0, τ)eiγ|A(0,τ)|2z (2.3.12)
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Chapter 2: Background

Therefore, as the pulse propagates along the fibre, it acquires a nonlinear phase given by
φNL(τ) = γ|A(0, τ)|2z. Moreover, the pulse profile in the time domain remains unchanged.
It is very useful to define the nonlinear length LNL similar to the dispersion length:

LNL =
1
γP0

(2.3.13)

LNL represents the length at which the maximum phase shift is 1. Note that the phase shift
at time τ is a function of the pulse envelope shape, with the maximum phase shift occur-
ring at the peak of the pulse. Let us define the pulse envelope as A(z, τ) =

√
P0U(z, τ).

Thus, the nonlinear phase is now given by:

φ(τ)NL = k0n2
P0

Aeff

L|U(0, τ)|2 = k0n2I0L|U(0, τ)|2 (2.3.14)

where I0 is the peak intensity. The instantaneous frequency is given by the negative time
derivative of the phase. For the nonlinear phase, this gives us:

ω(τ) = −
∂φNL

∂τ
= −k0n2I0L

∂|U(0, τ)|2

∂τ
(2.3.15)

This implies that new frequency components are being generated as the pulse travels
through the fibre. The newly generated frequencies are located according to the slope
of the pulse shape. Therefore, lower frequencies are generated at the rising edge of the
pulse, while blue frequencies are generated at the falling edge of the pulse. Hence, the
overall pulse is positively chirped. Figure 2.2 shows the change in the pulse temporal and
spectral profile along with the instantaneous frequency as the pulse acquires a nonlinear
phase when propagating in a HC-PCF without dispersion. The input pulse is a transform-
limited Gaussian pulse with 50 fs FWHM and 40 megawatt (MW) peak power centered
at 800 nm. Sine the input pulse is transform-limited, the instantaneous frequency is the
same across the pulse temporal profile as shown in Figure 2.2(a). After propagation, the
pulse acquires a positive phase, hence, the leading edge of the pulse consists of the low-
frequency components and the trailing edge consists of the high-frequency components as
shown in Figure 2.2(c). In the spectral domain, new frequency components are generated
symmetrically around ω0. The formation of side-lobes is due to the interference between
the same frequencies generated at different times.
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2.3. Nonlinear polarization and nonlinear effects

SPM is an important effect for pulse compression techniques [26]. As shorter pulses
need larger bandwidth, spectral broadening by SPM provides a tool for pulse compres-
sion. However, since the output pulse is positively chirped, additional optics (e.g. chirped
mirrors or a grating pair) are needed to provide the necessary amount of anomalous dis-
persion to compensate for the positive chirp.

Self-focusing

The Kerr effect can modify high-power pulses not only in the time or the frequency do-
main, but it can also affect the pulse profile in the spatial domain. As discussed above, the
pulse accumulates a phase that follows the intensity profile as it propagates in the fibre.
Since the intensity varies across the spatial beam profile, the nonlinear refractive index is
not uniform across the beam. Therefore, the pulse collects maximum phase shift at the
center of the beam profile during propagation in the fibre and the phase shift gradually
decreases as the intensity drops along the beam radius. This acts similarly to a convex
lens, where the optical path (nL) in the center of the beam is larger due to increased
thickness. In free propagation, self-focusing acts against the natural divergence of the
beam. Depending on the strength of the nonlinearity, self-focusing can overcome the ef-
fect of divergence and the beam collapses to an infinite transverse mode. If the effect of
self-focusing balances the divergence, the beam propagates with a constant size. For a
Gaussian beam, the critical power at which the self-focusing balance the divergence is
given by [5]:

Pcr =
3.77λ2

0

8πn0n2
(2.3.16)

On the other hand, when the beam collapses in optical fibres, the beam breaks up into the
natural fibre modes [27] (as will discuss the fibre modes in detail in Section 2.4.2).

2.3.2 Raman nonlinearity

Raman scattering is an inelastic scattering process where an incident photon of frequency
ωi is scattered off the molecular electron cloud resulting in a photon of frequency ω f [28–
30]. During the process, the molecule changes its molecular state by an energy which
is given by ~ΩR = ~ω f − ~ωi. Figure 2.3 shows the mode of oscillation (vibration and
rotation) for the nitrogen molecule as a diatomic molecule example. Figure 2.4 shows
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ΩR,rot

ΩR,vib

Figure 2.3: Schematic illustration of vibrational and rotational degrees of freedom of
Nitrogen molecule as a diatomic molecule example.

Raman scattering through the use of energy diagrams. Since the direct transition is dipole
forbidden, the process is mediated by the means of a virtual intermediate state. If the
energy state of the molecule is higher after the scattering process (i.e. excited rotational
or vibrational state), then we have Stokes Raman scattering and the resulting photon is
red-shifted. If the energy state of the molecule is lower after the scattering process, then
we have anti-Stokes Raman scattering and the resulting photon is blue-shifted. On the
other hand, if the energy of the molecule does not change after the process, then we
have an elastic process known as Rayleigh scattering [29]. The anti-Stokes scattering is
typically much weaker than the Stokes scattering. This is because, in thermal equilibrium,
the population of the excited states is smaller than the population of the ground state by
the Boltzmann factor exp(−~ω/kBT ).

Different molecules have different vibrational and rotational energy levels depending
on their molecular structure and atomic weight. Hence, the change in the incident photon
energy can be considered as a fingerprint for each molecule. The study of these finger-
prints is known as Raman spectroscopy. Rotational and vibrational Raman spectroscopy
has been widely applied to study the structure of molecules [31].

The above discussion describes spontaneous Raman scattering, which is an incoher-
ent and relatively inefficient process. It is also a linear process, i.e. the scattered signal
is linearly proportional to the pump strength. In stimulated Raman scattering (SRS), two
driving fields separated by the molecular ΩR resonance frequency are used to generate a
beat signal at the molecular resonance frequency. In that case, the molecules are coher-
ently excited. The excited molecules provide time-varying polarizability. The modulation
of the polarizability causes temporal changes in the refractive index of the molecular en-
semble. This results in an energy transfer from the pump field to the Stokes wave. SRS
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Figure 2.4: Schematic representation of Rayleigh and Raman scattering. An arrow point-
ing upwards indicates photon annihilation and an arrow pointing downwards indicates
photon creation. Solid horizontal lines denote discrete quantum states of the molecule
and dotted lines indicate virtual states.

can also happen using a single pump pulse if the pump pulse has enough bandwidth to
support the Raman frequency shift ΩR. In this case, the blue part of the pulse pumps the
red part and the pulse experiences a continuous red-shifting in its spectrum [32].

The Raman response can be described as a local modification to the optical suscepti-
bility [7],

PR(r, θ, z, t) = ε0χ
(R)E(r, θ, z, t), (2.3.17)

where the Raman susceptibility is related to the optical intensity,

χ(R) ∝

∫ ∞

0
R(τ)I(t − τ)dτ. (2.3.18)

R(τ) is a memory function that describes the stimulated Raman effect. The convolution
arises because the slow motion of the nucleus of the atoms implies a time-dependent
susceptibility with memory. Or more physically, the state of the molecular motion in the
gas must include some of the history of how they got there. Hence, the latter part of
the pulse experiences the Raman response of the leading part of the pulse. However, the
characteristic properties of SRS strongly depend on the pump pulse duration relative to
the period of molecular oscillation, Tm = 2π/ΩR, and the dephasing time of the molecular
oscillation T2. To see the effect of the Raman response on the pulse, we need to look at the
refractive index change induced by it. Following the same procedure we used to derive the
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Figure 2.5: Raman vibrational induced refractive index change for two different pulse
durations with the same peak power calculated using Equation 2.3.10 for 5 bar nitrogen-
filled HC-PCF with 16 µm core diameter. (a) 50 fs, (b) 5 fs. For nitrogen, Tm = 14.3 fs
and T2 = 2 ps.

Kerr nonlinear refractive index, we can relate the change in the nonlinear susceptibility to
the change in the refractive index. Figure 2.5 shows the calculated refractive index change
due to vibrational response for two different pulse durations with the same peak power in
an N2-filled HC-PCF (calculated using the model developed in Appendix A.4). We can
see that in the transient regime, where the pulse duration τp is related to the characteristic
molecular oscillation times by (Tm < τp < T2), the SRS process occurs before collisions
destroy the mutual coherence of the vibrating or rotating molecules. In this case, the
change in the refractive index follows the pulse envelope while the molecule undergoes
many cycles of oscillation under the pulse envelope. This causes a Kerr-like positive
refractive index change. On the other hand, in the impulsive regime (τp < Tm < T2), the
pulse excites coherent molecular oscillations. This causes the refractive index change to
be delayed and oscillate beyond the pulse envelope. The pulse envelope experiences the
rising edge of the refractive index change. Thus, according to ω(t) = −∂(t)φ/∂t, the pulse
experiences a red-shift as discussed above in the spectral domain. More discussion on the
Raman response will be presented in Chapter 6.
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2.3. Nonlinear polarization and nonlinear effects

2.3.3 Photo-ionization

At sufficiently high optical intensities, the filling gas in an HC-PCF can be ionized by
the light field, even when the optical frequency is far away from the ionization resonance
(for an 800 nm pulse, the photon energy is ∼ 1.55 electron-volt (eV) while, for example,
the ionization energy for argon is ∼ 15.76 eV). The liberated electrons can have a strong
effect on the optical pulse propagation, even if a small percentage of the gas is ionized.
Depending on the wavelength, ionization potential, and the optical field intensity, ioniza-
tion in our experimental range of parameters can happen by two different mechanisms:
multi-photon ionization or tunneling ionization. In the multiphoton ionization regime, the
bound electron absorbs a sufficient number of photons from the driving optical field to
gain enough energy to escape the atomic potential. This is more probable with increased
photon flux under a highly intense field. Tunneling ionization happens when the optical
field strength is comparable to the atomic field. In this case, the field strength is enough
to distort the Coulomb potential such that electron tunneling through the potential barrier
is possible. A schematic representation of both mechanisms is shown in Figure 2.6.

The two ionization regimes can be distinguished using the Keldysh parameter [33]:

γK =

√
Ip

2Up
(2.3.19)

where Ip is the ionization potential and Up = e2E2
0/4meω

2 is the ponderomotive energy
(the cycle-averaged kinetic energy of an electron in a laser field), E0 is the field strength,
e is the electron charge, and me is the electron mass. In a semi-classical picture, γK

is the time required for the electron to tunnel through the Coulomb barrier of the atom
in units of the electric-field cycle period. Thus, γK < 1 means that the time taken by
the electron to cross the barrier is short compared to the optical cycle. Therefore, most
of the electrons tunnel during a fraction of the optical oscillation period when the field is
around its maximum. On the other hand, for γK >> 1, multi-photon ionization dominates.
Therefore, from equation 2.3.19 we can note that tunneling is more likely to dominate at
higher field intensities and at lower optical frequencies. In ref. [34], Ilkov and co-authors
showed that γK ∼ 0.5 is the critical value for which tunnelling ionisation calculations are
valid. For HC-PCF experiments using ultra-short pulses, the peak intensities are around
1014 W/cm2, so γK ≈ 1, which makes it difficult to make a clear distinction. Therefore,
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Figure 2.6: Schematic representation of the atomic well (solid black line) in the two
ionization different ionization regimes. (a) Multi-photon ionization, where the valence
electron (blue) absorbs multiple photons (red) until it has sufficient energy to escape to
the continuum (dashed black line). (b) In tunneling ionization, the external field is strong
enough such that the atomic field is bent, through which the electron tunnels to the con-
tinuum.

researchers usually use the Perelomov-Popov-Terent’ev (PPT) model to calculate the ion-
ization rate [34–37]. The PPT model accurately reproduces both ionization regimes and
interpolates between them [20]. The density of free electrons ne can be calculated using
the following [9, 10, 38]:

∂ne

∂t
= (n0 − ne)W(E(r, θ, z, t)), (2.3.20)

where W(E) is the ionization rate and n0 is the original number of neutral atoms (or
molecules). Equation 2.3.20 assumes only a single ionization level and neglects electron
recombination, as the recombination time is much longer than ultra-short pulses used in
this thesis (recombination times are of the order of a nanosecond [39]). There are sev-
eral models to calculate W(E), such as the above mentioned PPT, the Ammosov-Delone-
Krainov (ADK) model [40], and MO-ADK for diatomic molecules [41]. Figure 2.7(b)
shows the calculated ionization rate for a 5 µJ, 10 fs Gaussian pulse propagating in 1 bar
of Kr-filled 16 µm core-radius HC-PCF using the PPT model. The ionization rate is highly
nonlinear in the electric field. As shown in Figure 2.7(b), the ionization rate spikes at the
electric field maxima and falls to nearly zero in between these maxima. Figure 2.7(c)
shows the corresponding free-electron density accumulating with time, up to an ioniza-
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2.3. Nonlinear polarization and nonlinear effects

Figure 2.7: (a) Electric field of a 5 µJ, 10 fs pulse centered at 800 nm. (b) Ionization
rate calculated using PPT model [34] for 1 bar Kr-filled 16 µm core-radius HC-PCF cor-
responding to the pulse in (a). (c) The fraction of the ionized Kr atoms. (d) The change
in the refractive index due to the free-electron polarization.

tion fraction of ∼ 3.5% for the electric field in Figure 2.7(a).

The nonlinear polarization associated with the photo-ionization and plasma for a lin-
early polarized field can be obtained through [9, 38]:

∂PI

∂t
=

[
Ip∂tne(r, θ, z, t′)

E(r, θ, z, t)
+

e2

me

∫ t

−∞

ne(r, θ, z, t′)E(r, θ, z, t′)dt′
]

x̂ (2.3.21)

Here, the first term represents the loss during the ionization process. The second term
accounts for the phase effects, such as blue-shifting and broadening of the spectrum. To
study the effect of the plasma formation on the propagation of the pulse, we need to look
at the change of the refractive index induced by the presence of the electrons. For a plane
wave, this change can be written as:

δn = −
nee2

2ε0meω2 (2.3.22)

which shows that the refractive index decreases as the free-electron density increases, op-
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(a) (b) (c)

Figure 2.8: (a) Scanning electron micrograph images of silica photonic crystal fibre. (a)
Solid-core PCF. (b) SR-PCF with 230 nm inner capillaries wall thickness. (c) HC-PCF
with ice cream-cone shape capillary in the cladding.

posite to the Kerr refractive index change. Figure 2.7(d) shows the change in the refractive
index caused by the liberated electrons.

The negative change in the refractive index across the pulse is in one direction only
as shown in Figure 2.7(d). Therefore, this causes an asymmetric phase-modulation which
results purely in a blue-shift of the spectrum. In the spatial domain, the plasma acts
opposite to Kerr lensing and causes the beam to defocus. A similar analogy to the Kerr
lens described above can be applied here. Instead of a convex lens, the plasma acts to
reduce the refractive index at the center of the beam (higher field strength at the center).
Hence, the plasma acts as a concave lens which causes the beam to defocus. The interplay
between Kerr focusing and plasma defocusing can lead to interesting phenomena such
as filamentation [5, 37]. In Chapter 5, a discussion with more detail is given on the
effect of photo-ionization on the pulse propagating in HC-PCF supported with numerical
simulations and experimental work.

2.4 Hollow-core photonic crystal fibre

Photonic crystal fibres are a unique type of optical waveguide in which light is confined
in the core because of the presence of a two-dimensional transverse lattice structure [20,
22]. Different designs of the lattice structure, which runs along the entire fibre, provide
different guiding mechanisms and allow control over the loss and the dispersion of the
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fibre. The first demonstration of PCF was in 1996 [1]. An example of such a fibre is
shown in Figure 2.8(a). The guidance mechanism in such fibres is based on the effective
refractive index difference since the surrounding silica-air cladding has a lower effective
refractive index than the core. Although the guiding mechanism is basically the same as
in conventional fibres, solid-core PCFs offer important advantages. One such advantage
is the ability to guide the light in a single mode regardless of the core size [42]. This is
due to the air-holes acting as a modal “sieve” to the higher-order modes [20, 42].

For HC-PCFs, total internal reflection cannot explain the guidance of the light in the
core, since the core refractive index is ∼ 1 even when filled with gases at high pressures.
The confinement of light in the hollow core can be explained by a different mechanism
such as the photonic band gap (PBG). This kind of fibre guides light in the hollow core by
the presence of a photonic band gap. The cladding structure prohibits the propagation of
light at certain frequencies in the same way that solid-state lattice structure prohibits an
electron from existing in the bandgap region. The range of the confined frequencies can
be controlled by carefully designing the cladding structure [43]. Usually, the transmission
window is small in PBG-PCF fibres with low transmission loss (few dB/km) [44].

For the projects done in this thesis, very large bandwidth fibres were needed. Hence,
all experimental works presented in this thesis are based on using a specific type of pho-
tonic crystal fibre, anti-resonant HC-PCF. In the following, a more detailed discussion on
the guiding mechanism of these fibres is given.

2.4.1 Guidance mechanism of anti-resonant HC-PCF

In contrast with PBG-PCFs, where the confinement is determined by the overall structure
of the cladding region, in anti-resonant fibres, it is the geometry of the individual struts
that determines the guiding window. For these fibres, the wavelength of the high-loss
resonance windows are directly related to the thickness of the struts of the cladding. The
wavelength of these loss windows is given by [45]:

λm =
2t
m

√
n2 − 1 (2.4.1)

where m is an integer representing the order of the resonance, t is the thickness of the sur-
rounding struts, and n is the refractive index of the glass. At the resonance wavelengths,
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the light is mostly localized in the glass and the transverse wave-vector oscillates rapidly.
At wavelengths away from the resonance, the reflectivity of the glass struts increases
and the attenuation of the leaky mode is reduced (as in a Fabry-Pérot cavity). Hence, as
the thickness of glass struts width decrease, the transmission window will shift towards
shorter wavelengths. Single-ring PCF (SR-PCF) is one type of HC-PCF whose guidance
mechanism is based on anti-resonance reflection. It consists of a ring of anti-resonant
elements (e.g., capillaries of small diameter) surrounding a central hollow core (larger di-
ameter). Figure 2.8(b) shows an example of SR-PCF which has been used in some of the
experimental work in this thesis. Figure 2.8(c) shows another type of HC-PCF character-
ized by an “ice-cream-cone” structure which guides light through anti-resonance. Several
factors affect the width of the anti-resonance window: the uniformity of the inner capil-
laries wall thickness along the fibre, the difference in wall thickness between each one of
these inner capillaries, and the roughness of the glass struts surface determine the width
and the reflectivity at anti-resonant wavelengths, especially for short wavelengths [46].

Numerical computation has shown that the overlap between the core mode and the
cladding material is as low as 0.01% [45]. This means that the nonlinearity of the fibre
material can be ignored. Therefore, the main source nonlinearity only comes from the gas
filling the fibre core.

In Section 2.2, a discussion of the Marcatili model that can be used to describe the
dispersion of HC-PCFs is given. It is sometimes useful to use a more accurate physical
representation to obtain the dispersion profile of HC-PCFs. In [47], the anti-resonance
feature of the HC-PCFs has been taken into account by considering the fiber as an air
core, a glass ring, and an air cladding. The real part of the effective refractive index of the
HEnm mode of the fibre according to this model is given by [47]:

Re(neff) = ngas −
u2

nm

2k2
0ngasa2

−
u2

nm

k3
0n2

gasa3

cot
(
k0d

√
n2

glass − n2
gas

)
(ε + 1)

2
√
ε − 1

(2.4.2)

where ε = (nglass/ngas)2. Figure 2.9(a) shows the real part of the effective refractive index
comparison between Marcatili model Equation 2.2.3 and Zeisberger model Equation 2.4.2
for a PCF with 25 µm core diameter and core-wall thickness of d = 230 nm. We note
that both models predict a similar effective refractive index apart from the position of
the resonances. Moreover, in the vicinity of these resonances, the refractive index and
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2.4. Hollow-core photonic crystal fibre

Figure 2.9: (a) The real part of the effective refractive index for 30 µm core diameter
HC-PCF filled with 5 bar of Ar for Marcatili model and Zeisberger model with d =

230 nm. (b), (c), and (d) show the GVD for the same fibre with different wall-thickness
d = 230, 180, 150 nm respectively.

consequently any quantities derived from it such as the GVD will be strongly modified as
shown in Figure 2.9(b), (c), and (d) for different wall thicknesses. We also note that the
resonance bands shift towards the blue as the wall thickness is reduced (as predicted in
Equation 2.4.1).

2.4.2 Fibre modes

Similar to the HC-PCF dispersion, the optical modes of the HC-PCF can be approximated
using the capillary model [19]. Capillary fibres support many different leaky modes of
transverse electric (TE), transverse magnetic (TM), or hybrid kind (HE). The HE trans-
verse electric field distribution of the optical modes of a capillary fibre in cylindrical
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(a) (b) (c) (d)

Figure 2.10: Example of HC-PCF and its natural mode solved by using JCMwave soft-
ware. (a) HC-PCF layout. (b) Fundamental mode profile equivalent to HE11. (c) and (d)
show higher order modes equivalent to HE12 and LP11 respectively.

coordinates are given by:

ênm(r, θ, ω) = er
nm(r, θ, ω)r̂ + eθnm(r, θ, ω)θ̂, (2.4.3)

er
nm(r, θ, ω) = Jn−1

(unmr
a

)
cos (nθ), (2.4.4)

eθnm(r, θ, ω) = Jn−1

(unmr
a

)
sin (nθ), (2.4.5)

where a is the core radius and Jn is the Bessel function of the first kind of (n − 1)th order,
m and n are integers, where m = 1 and n = 1 correspond to the HE11 mode of the
fibre. Although we use capillary mode profiles in our numerical simulations (this is a
very good approximation [22, 48]), the actual fibre mode shape can be slightly different
from the standard capillary modes depending on the fibre structure. Figure 2.10 shows
different fibre modes obtained by solving Maxwell’s equations using the finite element
method with JCMwave software4 for the HC-PCF structure shown in the left. Note how,
for example, the mode profile in Figure 2.10(c) is similar to capillary HE12 mode but with
a visible structure on the outer mode ring that changed to adapt with the fibre structure.
Figure 2.10(d) shows a LP01-like mode. LPlm modes are a specific linear combinations
of the basic capillary vector modes.

4https://jcmwave.com/
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3. Soliton dynamics

In this chapter, a discussion on optical solitons and their propagation dynamics in
optical fibres is given. An introduction to bright fundamental optical solitons and its
properties is presented. High-order solitons and their propagation dynamics are discussed
based on solving the NLSE numerically. Then, a discussion of the effect of higher-order
perturbations (such as self-steepening and higher-order dispersion) on the soliton propa-
gation dynamics is given. And finally, these effects are shown to lead to the formation of
tunable phase-matched UV dispersive-waves (DWs).

3.1 Optical solitons

In the previous chapter, the effect of dispersion and the Kerr effect were discussed sep-
arately. Here, both effects are considered using the NLSE. The solution of the NLSE
depends on the sign of β2. If β2 is positive (i.e. normal dispersion), then an intense
laser pulse will be broadened both in the time and spectral domains. As discussed in
Section 2.3.1, spectral broadening through SPM can be used to temporally compress the
pulse as long as the positive phase accumulated can be compensated. Usually, in this tech-
nique, the effect of the dispersion is ignored mainly due to its minor effect when using a
large-core capillary as a waveguide [26].

On the other hand, If β2 is negative (i.e. anomalous dispersion), and under particular
circumstances, SPM and dispersion can compensate each other throughout pulse propa-
gation, in which case the pulse does not change along its propagation. In this case, the
pulse is called a fundamental bright soliton (since only bright solitons are considered in
this thesis, I will use the term “soliton” short for “bright soliton”). A fundamental soli-
ton is a case when both temporal and spectral shapes of the pulse are preserved during
the propagation. Equation 2.1.16 can be solved analytically using the inverse scattering
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method [49, 50], and has a fundamental soliton solution given by:

A(0, τ) =
√

P0 sech
τ

τ0
(3.1.1)

where P0 is the peak power, τ0 is the pulse duration given as τ0 = τFWHM/1.763. The
fundamental soliton is characterized by its soliton order N = 1, where the soliton order is
defined by:

N2 =
γP0τ

2
0

|β2|
=

LD

LNL
(3.1.2)

For fundamental solitons, the nonlinear phase of SPM is canceled out exactly by the linear
dispersion and the soliton shape becomes invariant in both time and spectral domains [51]:

A(z, τ) =
√

P0 sech
τ

τ0
exp

{
i|β2|

2τ2
0

z
}

=
√

P0 sech
τ

τ0
exp

{ iγP0

2
z
}

(3.1.3)

Although the amplitude of a fundamental soliton does not change upon propagation, it ac-
quires a time-independent phase shift per unit length

∣∣∣β2/(2τ2
0)
∣∣∣ = γP0/2. Note that since

P0 and τ0 can vary jointly, one can get a fundamental soliton for different combinations
of peak power and pulse width.

Other solutions exist for the NLSE in addition to the fundamental soliton. A set of
higher-order solitons can be obtained through:

A(0, τ) = N
√

P0 sech
τ

τ0
(3.1.4)

For higher-order solitons, the phase shifts from SPM and GVD do not balance. Instead,
the pulse undergoes a periodic evolution. Figure 3.1 shows the evolution of fundamental
and higher-order solitons numerically simulated by solving the NLSE. For the fundamen-
tal soliton in Figure 3.1(a) and (b), we can see that both the spectral and temporal shapes
of the pulse are invariable along the propagation distance. However, for higher-order soli-
tons with N = 2 and N = 5, we can see a periodic evolution in both the spectral and
temporal domains. The periodic evolution of the high-order solitons (N > 1) is character-
ized by the dispersion length as follow:

zs =
π

2
LD (3.1.5)
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Figure 3.1: Simulation examples of soliton pulse propagation by solving the NLSE Equa-
tion 2.1.16. (a) and (b) show the propagation dynamics of a fundamental soliton (N = 1)
both in the frequency and time domain respectively. (c) and (d) show the evolution of
high-order soliton (N = 2) along the propagation direction z/zs for two soliton periods.
(e) and (f) show the evolution for high-order soliton (N = 5).

The physical dynamics of the propagation of high-order solitons can be understood as
follows. Initially, SPM will dominate and new frequency components will be generated.
As a result, the pulse will accumulate a positive chirp, which is partially compensated by
the action of the negative GVD. As the peak power increases, SPM effect also increases
and more frequency components are generated. The role of the GVD becomes more
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important causing the pulse to be compressed in the time domain. At the maximum
compression point, GVD will dominate causing the pulse to be negatively chirped. This
will cause SPM to compress the pulse in the spectral domain. For high-order solitons in
Figure 3.1, note how the pulse recovers its initial shape both in the spectral and temporal
domain at each soliton period zs. This process will then repeat itself periodically. At
the point where the spectral bandwidth is maximum, the soliton will reach the maximum
compression point where the resultant pulse duration is less than the input pulse. The
resultant pulse duration can be estimated to be τc = τ0/(4.58N) [52].

3.2 Higher-order perturbations

So far, the propagation of solitary pulses under ideal conditions using the unperturbed
NLSE 2.1.16 were discussed. The NLSE neglects a number of linear and nonlinear ef-
fects that can disturb the propagation of solitary waves in optical fibres. Such effects
are higher-order dispersion, fibre loss, self-steepening, Raman scattering, and plasma for-
mation. In some applications, these effects are undesirable. For example, in fibre-optic
communication, engineers look for a very stable pulse that can propagate over long dis-
tances without distortion to use them as a single bit [18, 53]. Fundamental soliton pulses
form a good solution due to their stability against many of these perturbations. On the
other hand, high-order perturbation effects are desirable in some nonlinear applications
such as pulse compression and DW emission [13, 21, 22, 54–62].

Some of the nonlinear effects on the propagation of pulses in optical fibres were dis-
cussed in Section 2.3. In the following, the effect of self-steepening and higher-order
dispersion on the pulse propagation dynamics are introduced.

3.2.1 Self-steepening

When the pulse duration becomes short, several high-order nonlinear effects become sig-
nificant such as self-steepening. The self-steepening effect can be introduced to the NLSE
as follows [63]:

i
∂A
∂z
−
β2

2
∂2A
∂τ2 + γ

(
1 +

i
ω0

∂

∂τ

)
|A|2A = 0, (3.2.1)
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which expands to:

i
∂A
∂z
−
β2

2
∂2A
∂τ2 + γ|A|2A + γ

i
ω0

A
∂

∂τ
|A|2 + γ

i
ω0
|A|2

∂

∂τ
A = 0. (3.2.2)

The last term is a group-velocity-like term and it shifts the group velocity of the pulse
inversely following the intensity of the pulse. Therefore, at the peak of the pulse, the
group velocity will be lower than at the leading and trailing edges of the pulse. As a
result, the trailing edge of the pulse will become steeper and steeper with propagation.
Hence, accompanied with SPM and according to Equation 2.3.15, the new generated blue
frequency component will be located at the trailing edge while the red will be located at
the leading edge. This asymmetry is reflected in the spectral domain where more exten-
sion of the spectrum towards the blue will happen. Figure 3.2 shows an example of the
effect of self-steepening on the pulse spectrum and temporal profile. Note how the peak
of the pulse has moved towards the tail of the pulse. The shallower leading edge with a
weaker gradient indicates that the red-shift in the spectrum is smaller and has a greater
concentration of energy in it.
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Figure 3.2: Example of pulse propagation with the self-steepening and GVD= 0. Dark
blue is the input pulse. (a) Spectral and (b) temporal profile of the pulse. Each line in (a)
and (b) is normalized to its maximum.
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3.2.2 Higher-order dispersion

Higher-order dispersion is neglected when deriving the NLSE. This approximation is not
valid for significantly short and broadband pulses. At the maximum compression point for
a high-order soliton, it is possible that the soliton spectrum overlaps with a spectral region
where phase matching is satisfied (due to the addition of higher-order dispersion). The
soliton will shed some of its energy to a linear wave at the phase-matched wavelengths.
This process is called resonant DW emission [64, 65] (it is also known as Cherenkov
radiation [66]). The mechanism of the DW emission has been explained by Erkintalo et.

al through cascaded four-wave mixing [67]. This picture also explains the spectral recoil
on the longer wavelengths region after DW formation. The wavelength at which the DW
is emitted is governed by a phase-matching condition [68]:

∆β(ω) = β(ω) − β(ω0) − β1(ω0)[ω − ω0] −
ω

ω0
γP0 = 0, (3.2.3)

where ω0 is the central frequency of the pump pulse and P0 is the peak power at the fission
point (the DW formation point). Higher order dispersion terms can be reintroduced in the
NLSE by using higher order Taylor expansion terms of β(ω) instead of just using the
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Figure 3.3: Phase mismatch ∆β for full dispersion profile, second, and third-order Taylor
expansion around ω0 calculated for 15 µm core radius HC-PCF filled with 5 bar Ar and a
pulse with peak power of P0 = 100 MW. The phase matching point is the intersection of
the curves with the dashed blue horizontal line (i.e. ∆β = 0)

34



3.2. Higher-order perturbations

Figure 3.4: Example simulation of DW emission. (a) Shows the spectral evolution along
the fibre on a dB scale. (b) Shows the normalized temporal evolution along the fibre on a
linear scale. The black arrows indicate the DW.

second term (β2):

β(ω) =

∞∑
m≥0

1
m!
βm(ω0)(ω − ω0)m (3.2.4)

Figure 3.3 shows how ∆β(ω) changes when using up-to the second and the third terms
alongside with full dispersion using the capillary model 2.2.3.

Figure 3.4 shows an example simulation of the DW generation process when β3 is
added to Equation 3.2.1. As the pulse propagates along the fibre, the spectrum broad-
ens asymmetrically around the pump frequency due to SPM and self-steepening. At the
maximum compression point, due to the steep slope of the tail of the pulse, the spectrum
broadens dramatically towards the bluer frequencies. When the spectrum overlaps with
the phase-matched frequency around ( f0 + 0.4 PHz, where f0 is the pump frequency), the
pump pulse sheds some of its energy to a linear wave indicated by the black arrows in the
figure. Note how the DW forms a separated pulse that travels slower than the pump pulse
due to the lower group velocity.

Other nonlinear processes can affect the DW energy. As we saw above, self-steepening
broadened the spectrum to the blue such that it overlaps with the phase-matched fre-
quency. In the same manner, plasma-induced blue-shifting can also increase the DW
energy. The plasma-induced blue-shifting helps the pump soliton to have a stronger over-
lap with the DW frequency [58], hence, allowing more energy to be shed to the DW. The
conversion efficiency of the pump to the DW into the UV can be higher than 15% [22]. In
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addition, the emitted DW can have a duration of less than 5 fs [69, 70]. Such short pulses
are generated in pressure gradient configurations where the output cell is continuously
evacuated to mbar level. This is a crucial factor in the experiment due to the fact that,
in constant pressure configuration, the DW propagates in a region of normal dispersion,
resulting in dispersive broadening [54].

The timing and energy stability of the DW is crucial for some applications, for in-
stance, pump-probe experiments [71, 72]. Brahms and Travers numerically studied the
influence of pump-laser instability on the stability of the DW [73]. They found that when
the generation process is saturated, the energy of the DW can be significantly less noisy
than that of the pump pulse. Moreover, the arrival-time jitter of the generated pulse re-
mains well below one femtosecond. Such properties make the DW a very useful source
for a wide range of applications.

36





4. Experimental work

In this chapter, a description of the different aspects of the experimental work done
in this thesis is presented. First, a brief description to the laser systems used throughout
the thesis is given. Then, the generic experimental setup is introduced, where a detail
discussion of the the gas system is given. Finally, an introduction to the technique used
for pulse duration measurements is briefly discussed.

4.1 Laser system

In the experiments done in this thesis, we used two different commercial laser systems.
The first system is a Light Conversion PHAROS laser which employs directly diode-
pumped ytterbium-doped potassium gadolinium tungstate (Yb:KGW) as an active medium.
The PHAROS laser system employs the chirped pulse amplification (CPA) technique.
This is based on stretching the seed pulses, amplifying them, and then compressing them
to achieve high pulse energy with ultra-short pulse duration. The laser oscillator gener-
ates a high repetition rate (76 MHz) pulse train (which forms the seed) by utilizing the
Kerr lens mode-locking technique. These pulses are then stretched and sent to the ampli-
fication stage. A Pockels cell controls the injection of the stretched oscillator pulses into
the regenerative amplifier (RA) to control the maximum pulse energy and repetition rate.
Another Pockels cell can be used to control every pulse from the RA output. The RA
output pulses are then compressed using a grating compressor. The pulse duration can be
controlled by changing the distance between the compressor gratings. This laser provides
pulses at 1030 nm wavelength with a minimum duration of ∼ 220 fs. The pulses have up
to 200 µJ energy and 10 W average power (corresponding to 50 kHz repetition rate) with
an excellent beam profile and beam quality (M2 ≤ 1.05 in both directions). The laser can
operate at higher repetition rates up to 1.1 MHz, but with lower pulse energy (0.9 µJ).

The second system is a commercial high-power titanium-doped sapphire (Ti:Sapphire)
amplifier (Coherent Legend Elite Duo USX). It uses the CPA amplification technique
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similar to the PHAROS laser system. Hence, the laser system consists of a Ti:Sapphire
oscillator, stretcher, RA, single-pass amplifier (SPA), and a compressor. The additional
SPA stage is used to provide additional energy to the pulses. This laser provide pulses at
800 nm with minimum duration of ∼ 25 fs. The pulses have up to 8 mJ energy at 1 kHz
repetition rate with a good beam profile and beam quality (M2 ≈ 1.3).

4.2 Gas cell

In the experiments done in this work, the HC-PCFs are usually placed in a gas sealed
system. The most important part of the gas system are the gas cells. The fibre ends are
usually placed in these gas cells. They are also used to connect the system to the gas lines
and to the vacuum pump. In addition, the optical access elements are usually mounted on
the gas cells.

Figure 4.1(a) shows a schematic view of a typical gas cell used in the LUPO laborato-
ries. The gas cell is designed such that it has two G1⁄2 ports on both ends. These ports can
be used to provide optical access or to connect to other gas cells. In addition, the gas cell
can be connected to the gas system (i.e. gas bottle, vacuum pump, and exhaust) through
four G1⁄8 ports on both sides of the cell. All threaded ports on the cells conform to stan-
dards ISO228/ISO 1179-1. The HC-PCF can be glued to a fibre chuck with a V-groove.
The fibre chuck is aligned to the optical axis by a slot in the bottom of the cell. For low-
pressure experiments (< 20 bar), the top of the gas cell can be sealed with a transparent
Poly(methyl methacrylate) lid along with an O-ring. For high-pressure experiments, the
plastic lid can be replaced with a metallic lid. The gas cell can be mounted on the table
on top of a custom pedestal. This is based on the design of flexure stages commonly used
for fibre coupling (available from e.g. Elliot Martock or Thorlabs), so that the cell can be
mounted on that type of stage instead if required. For safety, the gas system is always
connected to a pressure relief valve that is tuned to open at the maximum pressure as
determined by the weakest element in the system (which is usually the optical window).

Usually, the fibre used in our experiments is longer than our gas cells. Hence, we
use a combination of gas cells for the gas system. For constant-pressure setups, two
gas cells can be connected using 1⁄4” stainless steel tubing (using Swagelok SS-400-1-
8RS adapters). For a pressure-gradient setup, the G1⁄2 port can be narrowed down (using
multiple adapters) to a suitable size such that it allows the fibre to go through without
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(a) (b) (c)

Figure 4.1: (a) and (b) show a schematic drawing of the gas cell designed at LUPO. (c)
Shows the fibre chuck that goes inside the gas cell.

much space left (for example Swagelok SS-401-PC-1 1⁄4” to 1⁄16”). The fibre then is glued
to the wall of the tube to seal the gas system.

Optical access is provided by an optical window that is glued (using UV-curing ad-
hesive) on a window holder that is designed by the LUPO team. Different window sizes
with different clear apertures are available. The thickness and diameter of the window
are critical when designing the experiment. One needs to be careful with the amount of
pressure that it can handle. For example, we used a 6.33 mm thick and 1⁄2” diameter win-
dow for experiments that require high gas pressure. On the other hand, a thin window is
needed when performing experiments with ultrashort pulses to avoid as much chromatic
dispersion and self-focusing as possible. In addition, the windows need to be far from the
focus of the beam to avoid any damage that can be caused by the high intensity of the
beam. Moreover, one needs to decide if the window needs to be coated or not. For high
average power experiments, an anti-reflection coating is necessary to avoid unwanted re-
flected power. The most common material options for windows are fused silica, CaF2,
and MgF2. The last two are often preferable because of their smaller nonlinear refractive
index and because their transmission windows extends down to the vacuum UV (fused
silica does not transmit below ∼ 160 nm, while the lowest limit for CaF2 is ∼ 130 nm and
below ∼ 110 nm for MgF2).
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4.3 Temporal characterization

Temporal characterization of the input and output pulses is crucial in ultrafast nonlinear
experiments. Unlike spectral characterization (which can be done by linear optical ele-
ments such as a grating and a photodiode, i.e. spectrometer), temporal characterization is
much more challenging. Knowing the input pulse shape in the time domain greatly helps
with numerical simulations and experimental design. Moreover, the characterization of
the output pulse is important for pump-probe experiments, for example. In this work, we
used several techniques to characterize the pulses in the time domain.

4.3.1 Frequency-resolved optical gating

Frequency-resolved optical gating (FROG) is a technique for the complete characteri-
zation of ultrashort pulses, i.e characterization of the full time-dependent electric field
or (equivalently) the optical spectrum including the frequency-dependent spectral phase
[74]. In this work, we used two types of FROG, second-harmonic generation (SHG)
FROG and SFG XFROG.

SHG FROG

We use a dispersion-free non-collinear geometry with a SHG crystal as the nonlinear inter-
action medium. Figure 4.2 shows a schematic of the SHG FROG used in our laboratories.
The input beam is steered to the beam shaper (mask) which consists of two equal-sized
pinholes. Each arm of the beam hits a D-shaped mirror, one of which is mounted on a mo-
torized translation stage. The two beams are then reflected by a curved mirror (CM) and
focused into a 10 µm thick β-barium borate (BBO) crystal cut for type-I phase-matching.
The original beams are blocked by an iris and only the SHG signal is transmitted. The
SHG signal is then focused by a lens and collected by the spectrometer fibre. The spatial
overlap of the two beams is ensured by using a camera (not shown). After optimizing the
spatial overlap, one can look for the temporal overlap by checking the SHG signal. Once
SHG signal is obtained, a FROG trace can be obtained by scanning the delay between the
two arms using the motorized mirror and recording the spectrum at each step. Once the
scan is complete, we can use the FROG trace to retrieve the electric field of the pulse.

Unlike autocorrelation (which can be used to only retrieve the pulse duration if the
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Mask

Spectrometer

delay

CM BBO

Figure 4.2: Schematic of a non-collinear SHG FROG measurement device.

pulse shape is known beforehand), FROG can retrive the electric field of the pulse by
providing information on the optical phase and the frequency chirp. An SHG FROG trace
is essentially a spectrally resolved autocorrelation and is given by [74]:

IS HG
FROG(ω, τ) =

∣∣∣∣∣∫ ∞

−∞

E(t)E(t − τ)e−iωtdt
∣∣∣∣∣2 (4.3.1)

The problem of finding the electric field is now a two-dimensional phase-retrieval prob-
lem that can be solved in cases where there is an additional constraint on the solution. For
SHG FROG, this constraint is the form of the second-order polarization used to obtain
the signal. This constraint is known as the mathematical-form constraint [74]. Different
methods exist for this retrieval, for example, algorithms based on generalized projections
[75], principal components generalized projections (PCGPA) [76], and ptychographic al-
gorithms [77]. Note that the SHG FROG trace is symmetric in the time domain, hence,
SHG FROG has a direction-of-time ambiguity. This can be overcome by introducing a
known dispersion (thin glass plate for example) to the input pulse and measure it again.
If the pulse is negatively chirped, then adding a positive chirp to the pulse will make it
shorter and this can be seen in the newly retrieved pulse.

Figure 4.3 shows an example of measured and retrieved SHG FROG data for the
pulses from the PHAROS laser system. The retrieval algorithm used is PCGPA, and the
software used was written by Christian Brahms. The noise was removed by setting a
threshold limit for the signal. Moreover, isolated islands (which are not part of the main
pulse and usually are noise) are removed. The retrieval algorithm is usually run until
the FROG error is no longer reducing. We generally optimize the measurement until the
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Figure 4.3: (a) Measured SHG FROG trace for PHAROS laser system. (b) Retrieved
FROG trace. (c) Retrieved pulse profile in the time domain. (d) Retrieved pulse spectrum.

retrieved trace has an error of less than 2%, where the FROG error is given by

error =

√
1
N

∑
i, j

[Ir(ωi, τ j) − µIm(ωi, τ j)]2, (4.3.2)

Where N is the number of points in the FROG trace, (ωi, τ j) is the frequency and delay
coordinates of each point in the trace, Ir and Im are the reconstructed FROG traces, re-
spectively, and µ is a real-valued normalization constant that minimizes the error [74]. In
Figure 4.3, the retrieved pulse duration matches the specification of the laser system and
the measured and retrieved traces match very well, which means that the retrieval process
was good.
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SFG XFROG

For broadband pulses, SHG FROG suffers from phase-matching limitations in that the
phase-matching bandwidth is insufficient and the phase-matching efficiency reshapes the
FROG trace (or in extreme cases, doesn’t give signal at all at the spectral edges). Hence,
we have to look for alternative characterization techniques for broadband pulses. We use
SFG XFROG to characterize such pulses. XFROG is based on spectrally resolved cross-
correlation of the unknown test pulse with a reference gate pulse as a function of the
relative delay. The gate pulse is usually generated by filtering the test pulse with a narrow
band-pass filter (BPF). XFROG overcomes the phase-matching issue due to the possibility
to achieve larger phase-matching bandwidths (see for example Figure.1 in [78]).

The XFROG setup is very similar to the SHG FROG setup except that two different
beams enter the device and are overlapped in the BBO crystal. The BBO crystal is 10 µm
thick and cut for type I phase matching. The BBO crystal is cut for type-I (o-o-e) phase-
matching (θ = 29.2°), resulting in a phase-matching window that extends from 400 nm
to beyond 3000 nm. In the data presented in this work, we used the original PHAROS
pulses as a gate pulse. After the BBO, the signal is isolated from the test and gate beams
by using a combination of Rochon prism and an aperture and then re-focused onto the
spectrometers’ fibre tip. The algorithm we use for retrieval is an extended ptychographic
engine (ePIE) [79] and the software is written again by Christian Brahms.

43





5. Generation of frequency tuneable sub-
15 fs pulses

Pulse compression using soliton dynamics in HC-PCF has been studied extensively
in the last decade. In [80], 280 µJ pulses were compressed from 500 fs down to ∼ 49 fs
using a large core HC-PCF in a single stage, albeit with major pulse structures. More
recently, pulse compression from 340 fs down to ∼ 3.8 fs was demonstrated in a two-stage
experiment [81]. However, additional chirped mirrors were used to compensate for the
induced dispersion. The same group also demonstrated pulse compression from 250 fs
down to ∼ 5 fs in a single stage assisted by chirped mirrors to compensate the dispersion
induced by the optical elements on the pulse way to the FROG device [82].

In this chapter, a discussion on our work on compression of µJ-level pulses directly
from a 220 fs commercial pump laser to ∼ 11 fs in a single stage without the need for
chirped mirrors is given. Then, our work on demonstrating wavelength-tunable sub-15 fs
pulses through plasma dynamics from the same pump source and their temporal charac-
terization is presented.

5.1 Experimental setup

Figure 5.1 shows the experimental setup. A 1030 nm pump laser (Light Conversion
PHAROS) with a tunable pulse duration (from 220 fs FWHM up to 10 ps via pulse chirp-
ing) was used at different repetition rates (see Section 4.1). The pulse energy is controlled
using a half-wave plate (HWP) and a 45° angle of incidence thin-film polarizer. The HWP
is mounted on a motorized rotation stage and its rotation is calibrated such that each angle
gives a specific pulse energy. We check the HWP calibration each time we take measure-
ments by checking a few angle-energy pairs. The beam is then coupled into the fibre
through a 5 cm focal length IR coated plano-convex lens. The lens has been chosen such
that the beam waist at the fibre input face is as close as possible to the value w0 = 0.64a,
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Figure 5.1: The experimental setup. (a) Cross-section of the PCF used in the experiment.
(b) The near-field beam profile of the output mode of the PCF while in vacuum. (c)
Optical layout of the experiment. TFP: thin-film polarizer, λ/2: half wave-plate.

where a is the fibre core radius [83]. This ensure mode-matching between the input beam
and the fundamental mode of the fiber. The setup is designed such that it enables the cre-
ation of pressure gradients along the fibre. The 1.8 m-long fibre is mounted to the gas cell.
Optical access is provided by an IR coated 2 mm thick MgF2 input window and the output
window is an uncoated 1 mm thick MgF2 window. We achieve up to 76 % transmission
with both windows installed while the fibre is evacuated. The coupling efficiency is al-
ways measured at low input energy (< 500 nJ) to avoid any nonlinear loss (the light can
still interact with the glass and the residual gas). The output spectrum is collected using
an integrating sphere (which acts as a homogeneous diffuser) which is connected to two
fibre-coupled charge-coupled device (CCD) spectrometers. The first spectrometer is used
for the range 200−1100 nm (Avantes ULS2048XL) and the second is for 1000−2500 nm
(Avantes NIR256-2.5). The whole system is calibrated on an absolute scale with NIST
traceable lamps.

The reason for using the gradient setup is that we found that evacuating the input cell
leads to much better stability, especially at a high repetition rate. By reducing the input
pressure, unfavorable nonlinear phenomena such as self-focusing and plasma formation
and build-up can be avoided [84].

5.2 Numerical simulation

As shown in chapter 3, higher-order soliton dynamics can be used to compress pulses to
a few optical cycles pulses and in extreme cases to sub-cycle duration as demonstrated in
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Chapter 5: Generation of frequency tuneable sub-15 fs pulses

[13]. Figure 5.2 shows a numerical simulation for the propagation dynamics of a 220 fs
pulse in a fibre filled with an increasing pressure gradient from vacuum to 800 mbar of
argon. These parameters correspond to a soliton order of 5 at the output end of the fibre.
The basic soliton dynamics can be seen. The pulse spectrum broadens due to SPM while
in the temporal domain, the pulse compresses due to the effect of the anomalous GVD.
The GVD is anomalous all along the fibre length for the pump wavelength. At the in-
put, the ZDW is not defined due to the presence of only the waveguide dispersion (which
means that the GVD is anomalous for all wavelengths). At the output end, the ZDW is
313 nm. The output pulse is compressed to ∼12 fs FWHM with ∼50% of the pulse energy
situated within the main peak (defined here as the full width at the 1/e2 points). This cor-
responds to a ∼18-fold temporal compression. This pulse compression technique requires
that we simply remove the soliton from the fibre at its point of maximum compression.
Further propagation means that the pulse continues high order soliton dynamics, hence,
the pulse will broaden in the time domain and compress in the spectral domain.

An inherent feature of the soliton-effect compression technique is that the pulse at the
maximum compression point consists of a narrow spike (main pulse) accompanied by a
broad pedestal component [85]. Moreover, a high compression factor requires a broader
spectrum which can be obtained by using higher nonlinearity (i.e higher peak power, see
Equation 2.3.14). This lead to higher N which means that the pulse quality degrades as
high pulse compression is achieved.

5.3 Experimental results

Figure 5.3 shows the evolution of the experimental spectra for the shown parameters at
three different repetition rates. The spectrum above 1100 nm is mostly spectrometer noise.
As the input pulse energy increases, spectral broadening due to SPM can be observed.
The signature of SPM is clear by the formation of the two side-lobes around the pump
wavelength. In addition, above 4.5 µJ, a strong spectral expansion towards the blue can
be seen. This is due to the formation of plasma as I will discuss below. The spectral
expansion looks similar for the three different repetition rates. However, an obvious dif-
ference can be seen above 4 µJ for the 200 kHz case. We investigated this for different
parameters at different repetition rates. We found that when the pulse energy is enough
to start ionizing the gas inside the fibre, the spectrum at high repetition rates starts to de-
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FWHM = ~12 fs

Figure 5.2: Numerical simulation of a 220 fs pulse centered at 1030 nm, with energy of
4.25 µJ propagating in a 1.8 m-long fibre with 26 µm core diameter, filled with Ar in an
increasing pressure gradient from vacuum at the input end to 800 mbar at the output end.
(a) Spectral evolution. (b) Temporal evolution. (c) Input and output spectrum. (d) Input
and output temporal profile. In (c) both lines are normalized to the peak of the input,
while in (d) the two lines are normalized to the output peak.

viate from lower repetition rates and its bandwidth decreases. This suggests that at high
repetition rates, the plasma created inside the fibre by one pulse builds up and affects the
following pulses. Such an effect has been observed and studied in detail in [86–88]. In
these articles, the authors suggested that plasma post-recombination heating and refrac-
tive index changes can strongly affect soliton compression starting from as low as 50 kHz,
as confirmed by our observation. Hence, care has to be taken to avoid plasma formation
when developing a high-repetition-rate source. Schade et. al discussed and established
scaling rules for soliton dynamics in HC-PCF [82]. They identified an optimal parameter
region for soliton compression taking into account various effects such as higher-order
dispersion, photoionization, self-focusing, and modulational instability.
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Figure 5.3: Experimental spectrum evolution for increasing coupled input energy, for
220 fs pulses launched into Ar-filled 26 µm, diameter fibre with an increasing pressure
gradient from vacuum to 800 mbar at different repetition rate.

5.3.1 Characterization of the compressed pulse

We characterize the output pulses in the time domain using a home-built SFG XFROG
(see Section 4.3.1). The output beam is collimated using a 10 cm aluminum parabolic
mirror and then delivered to the XFROG. We used a small energy portion of the original
laser pulse (after a beam splitter) as the gate pulse. Spectral measurements for the test and
gate pulses were made at the crystal position to obtain the fundamental spectrum to be
used in the XFROG trace retrieval. We also measure the background noise of the XFROG
signal to help to get a cleaner spectrum. Figure 5.4 shows the measured and the retrieved
XFROG traces for a 4.75 µJ input pulse with a retrieval error of 0.17%. For retrieval,
we use the ePIE algorithm with the parameter α = 0.051. The overall retrieved pulse
spectrum matches the measured spectrum well. Note the asymmetry in the spectrum due
to the self-steepening effect and plasma formation. The measured pulse FWHM at the
fibre output is 11 fs, close to the numerically simulated value, and it is obtained by back-
propagating the retrieved pulse numerically through the optics and air-path from the fibre
end to the crystal. The retrieved pulse duration at the crystal position is still short and its
duration is around 13 fs. Similar to Figure 5.2(d), the main pulse is accompanied by a
broad pedestal component.

1α is a coefficient of order unity, see for example [79]
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FWHM = ~13 fs

(a) (b)
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Figure 5.4: (a) Measured and (b) retrieved SFG XFROG traces on a logarithmic color
scale for 4.75 µJ input pulse using an Ar-filled pressure increasing gradient from 0 bar to
0.8 bar. (c) The measured and retrieved spectrum of the test pulse. (d) Temporal profile
of the retrieved pulse from (b).

5.4 Blue-shifting soliton

As discussed in Section 2.3.3, with sufficiently high optical intensity, the filling gas in-
side the HC-PCF can be ionized. Although argon has a high first ionization energy (∼
15.76 eV) and the photon energy at 1030 nm is only 1.2 eV, it can still be ionized through
other mechanisms such as multi-photon ionization or tunneling ionization.

The tight fundamental-mode confinement of the light and the long interaction lengths
provided by the HC-PCF accompanied with soliton self-compression allows the forma-
tion of plasma at much lower power levels than in other systems (such as filamentation
experiments [5]). The liberated free electrons have three orders of magnitude higher po-
larizability than the bound electrons with opposite sign [30]. These free electrons will
reduce the refractive index across the pulse in one direction and will cause an asymmetric
phase-modulation (because the reverse process of recombination occurs on time scales
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Figure 5.5: Similar parameters to Figure 5.2 but with end pressure of 1.2 bar and with a
similar color scale. (a) Spectral and (b) temporal evolution along the fibre with the same
color scale as Figure 5.2. (c) The ionization fraction of the argon atoms inside the fibre.

longer than the pulse duration) which results in a blue-shift in the spectrum as discussed
in Section 2.3.3.

Saleh et al did a detailed analytical study on the effect of ionization on the propagation
of solitary pulses through perturbation theory [89]. They explained the soliton blueshift
analogously to the well-known Raman self-frequency shift. Hölzer et al experimentally
studied the propagation of ultrashort pulses in gas-filled HC-PCF in the ionization regime
[59]. They observed the emission of multiple blueshifting solitons (with frequency shift
in excess of 125 THz) from the pump pulse after the soliton compression. Chang et. al

suggested an experiment to continuously blueshift a fundamental soliton as far as 700 nm
starting from 1.5 µm [90]. The suggested experiment is based on a combination of phys-
ical parameters that enables this huge blueshift through adiabatic soliton compression.
Although the soliton loses energy as it propagates and ionizes the gas, it compresses in
time due to the higher frequency (higher nonlinearity) and lower GVD. Hence, the soliton
conserves its fundamental order and repeats the process which leads to more blueshifting.

Here, we employ the soliton-plasma interaction to obtain wavelength-tunable sub 15 fs
pulses directly from a commercial laser in a single stage. The advantage of this technique
over others (such as SHG) is that the gases have a higher damage threshold than other
media and are self-healing (i.e. if we ionize the gas it eventually recombines again, unlike
a solid where the damage is permanent). In addition, combined with the broadband trans-
mission window of the HC-PCF, the wavelength of the output pulse can be finely tuned
by changing either the energy of the input pulse or the gas pressure, and this technique
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Figure 5.6: (a) Experiment and (b) simulation results of energy scan for the same param-
eters in Figure 5.5.

does not require any phase-matching conditions.

Figure 5.5 shows an example simulation of the blueshifting soliton dynamics using
the PPT ionization model. As the pulse propagates inside the fibre, it compresses in
time through soliton dynamics. At the maximum compression point, the optical intensity
becomes sufficient to ionize the gas. More than 0.1% of the atoms are ionized at the max-
imum compression point. This means that according to Equation 2.3.22, the refractive
index will be reduced by 1.36 × 10−5. Compared to the change in the refractive index
induced by the Kerr nonlinearity (which is 7.8 × 10−6 at 1.2 bar), the ionization refractive
index change is 1.8 times stronger, hence, plasma dynamics is more pronounced and a
blueshifting soliton can be observed due to the field-dependent lowering of the refrac-
tive index. The pulse goes into the compression cycle in time as its spectrum broadens
and moves to higher frequencies through even more ionization. After roughly 1.6 m, the
blueshifting slows down. This is because the soliton intensity gradually decreases until
it goes below the ionization threshold, stopping the pulse blueshift. Eventually, the pulse
can be as short as 4.3 fs. If the pulse had enough energy to ionize more gas, it would
continue to blueshift until it hit the ZDW, where the soliton dynamics stops due to the
normal dispersion on the other side of the ZDW.

Figure 5.6 shows the experimental and simulation energy scan output spectrum. A
good agreement between the blueshifting spectrum can be observed. Both simulation and
experimental spectrum start the blueshifting at around 3.5 µJ. However, there is a small
difference between the simulation and experiment spectrum at energies lower than 3 µJ.
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This could be due to the slightly different fibre dispersion from the Marcatilli model [19],
which does not include the fibre resonance or loss. But overall, the two figures match well,
especially for the blueshifting soliton. Above 5 µJ, the soliton shift rate becomes slower
and its spectrum centers around 700 nm (or 650 nm for the simulation). The blueshifting
soliton periodic compression (as in Figure 5.5) can be seen in the breathing of the blue
part of the spectrum.

5.4.1 Pulse characterization of the blueshifting soliton

We used SFG XFROG in the same configuration as in Section 5.3.1 to measure the tem-
poral profile of the blueshifting soliton. Figure 5.7(a) and (b) show the measured and
retrieved XFROG traces. The retrieval algorithm (ePIE) was run for 40 iterations with
the spectral projection of the gate pulse applied for the first 20. The retrieved trace shows
excellent agreement with the measured trace with an error of 0.48%. The retrieved pulse
spectrum is shown in Figure 5.7(c) along with the measured spectrum. Again, an excel-
lent agreement between the measured and retrieved spectrum is obtained. The retrieved
pulse in the time domain is shown in Figure 5.7(d). The blueshifting soliton is located
in the shaded area. The FWHM duration of the blueshifting soliton is around 15 fs at the
measured position. When backpropagated to the fibre end, the soliton duration is a little
bit shorter with a FWHM of 13.5 fs. The blueshifting soliton has an energy of 0.5 µJ when
the input pulse energy is 7 µJ. This gives a conversion efficiency of around 7% (calcu-
lated as the ratio of blueshifting soliton energy to input energy). The spectrogram shown
in Figure 5.7(g) confirms the solitonic shape of the blueshifting pulse since it is parallel
to the wavelength (frequency) axis.
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Figure 5.7: (a) Measured and (b) reconstructed SFG XFROG traces. (c) Shows the re-
trieved and measured spectrum. (d) Shows the retrieved pulse envelope in the time do-
main. (e), (f), and (g) show the spectrogram evolution for the retrieved pulse at three
different energies 3 µJ, 4 µJ, and 7 µJ respectively.
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5.5 Conclusion

In conclusion, we experimentally demonstrated wavelength tunable, sub-15 fs pulses through
soliton compression and soliton plasma interaction directly from a 220 fs commercial
laser in a single stage. We characterized the compressed pulses in the time domain using
a home-built SFG XFROG and showed that 11 fs can be obtained at 1030 nm. Moreover,
we characterized the blueshifting soliton in the time domain for the first time and showed
that its FWHM is sub-15 fs. In addition, we showed that its wavelength can be tuned
between 1030 nm and 700 nm by simply tuning the pulse energy.
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6. Linearly flat supercontinuum

In this chapter, the experimental and numerical results on investigating the generation
of a linearly flat (flat on a linear scale) supercontinuum extending from 350 nm up to 2 µm
are given. This is achieved via modulation instability in argon and nitrogen-filled HC-
PCF. Although they have similar nonlinearity and dispersion, we found that the energy
density of the continuum in the visible wavelengths when using N2 is significantly less
than when using Ar. We found that due to the close rotational lines in N2, gain suppression
in the fundamental mode causes the pulse to be coupled into higher-order modes, which
reduces the energy density of the SC.

6.1 Modulation instability

MI is a phenomenon where a high power continuous-wave (CW) or narrow-band pump
signal experiences fluctuations of the optical intensity which leads to small local modifi-
cations of the refractive index through the Kerr effect. This causes an exponential ampli-
fication of sidebands symmetrically located around the pump frequency and lying beyond
the pump bandwidth.

Consider the NLSE, given by 2.1.16. The CW solution for the NLSE has a constant
amplitude that is independent of the time t:

A(z) =
√

P0exp(iφNL) (6.1.1)

where P0 is the incident power, φNL = γP0z is the nonlinear phase shift acquired by SPM,
and γ is the nonlinear coefficient given by 2.1.18. The CW solution implies that the light
propagates without change in its amplitude, but how stable is this solution against small
perturbations? Let us introduce a small amplitude change into the steady-state solution as
follows:

A(z) =
( √

P0 + ε
)

exp{iφNL}. (6.1.2)
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Now, we substitute this solution back into 2.1.16 to check its stability:

i
∂ε

∂z
−
β2

2
∂2ε

∂t2 + γP0(ε + ε∗) = 0. (6.1.3)

Due to the presence of ε∗, the Fourier components at frequencies Ω and −Ω are coupled.
Hence, we consider a solution of the form:

ε(z, t) = ε1exp[i(Kz −Ωt)] + ε2exp[−i(Kz −Ωt)] (6.1.4)

where K and Ω are the wavenumber and the frequency of the perturbation solution. Equa-
tions 6.1.3 and 6.1.4 provide a set of two homogeneous equations for ε1 and ε2. This set
has a nontrivial solution only when K and Ω satisfy the following dispersion relation:

K = ±
1
2
|β2Ω|

√
Ω2 + sgn(β2)Ω2

c , (6.1.5)

Ωc =

√
4γP0

|β2|
. (6.1.6)

where sgn(β2) = ±1 depending on the sign of β2. The dispersion relation 6.1.6 shows
that we only get gain in the case when sgn(β2) = −1 (i.e. anomalous dispersion). In this
case, K becomes imaginary for |Ω| < Ωc, and the perturbation ε(z, t) grows exponentially
with z. Hence, the CW solution is inherently unstable when pumping in the anomalous
dispersion region. Physically, the process can be understood as follows: fluctuations of the
optical intensity (equivalent to ε(z, t)) lead to small local modifications of the refractive
index through the Kerr effect, which then forms localized refractive index wells which
further trap the intensity fluctuations, leading to an intensity enhancement. This process
naturally leads to the formation of solitons. The equivalent frequency-domain picture is
that of four-wave mixing, with the dominant phase-matching contribution provided by the
nonlinear refractive index. This process amplifies the background noise at side-bands on
either side of the pump, corresponding to the frequency of modulation in the time domain.

The angular frequency separation between the pump and maximum side-band gain is
given by [91, 92]:

Ωmax = ±

√
2γP0

|β2|
. (6.1.7)

56



6.1. Modulation instability

The gain is related to the imaginary part of the wavenumber and is obtained through:

g(Ω) = 2Im(K) = |β2Ω|

√
Ω2

c −Ω2. (6.1.8)

And the maximum gain is simply at Ωmax and is given by:

g(Ωmax) =
1
2
|β2|Ω

2
c = 2γP0. (6.1.9)

The frequency-domain side-bands correspond to a modulation in the time domain over
the MI period, obtained by:

TMI =
2π

Ωmax
=

√
2π2|β2|

γP0
(6.1.10)

The MI period can be used to calculate the number of solitons generated per unit time
(or over the pulse duration). Moreover, it can be used to estimate the energy of each
soliton. For each modulation period, a soliton will be generated, hence, all the energy in
this modulation period will end up in the soliton. Mathematically, the soliton energy is
given by:

Esol = 2Psolτ0 = EMI = P0TMI (6.1.11)

where P0 and τ0 are the soliton peak power and duration respectively. The above analysis
can be applied to a long pulse where the pulse soliton order satisfies N � 15 [93, 94].
In this case, MI occurs since the modulation period is sufficiently smaller than the pump
pulse duration. For pulses with picoseconds duration, N = 15 corresponds to very low
peak power, thus, little spectral broadening would be expected. To get wide SC using
picoseconds pulses, the pulse soliton order has to be very high (N > 100) [16, 94]. In the
work presented in this chapter, the soliton order is (N ≈ 200).

Figure 6.1 shows a simulated example of the MI dynamics in 25 bar Argon-filled HC-
PCF. A 20 µJ 100 ps pump pulse centered at 1064 nm was used. The second-order disper-
sion at the pump wavelength for the parameter used is β2 = −1 ps2 km−1 and the nonlinear
coefficient is γ = 3.7 × 10−6 W−1 m−1. The pulse peak power is P0 ≈ 190 kW. The
MI dynamics can be clearly seen at 17 m in both spectral and temporal domains. In the
spectral domain, we can see two sidebands symmetrically appear around the pump. The
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Figure 6.1: An example simulation of the MI dynamics and the formation of the pulse
structure using a 15 µm core-radius HC-PCF filled with 25 bar of Argon pumped with a
100 ps pulse at 1064 nm. (a) and (b) show the spectrum and a zoom-in view of the center
of the pulse in the time domain at the input. (c) and (d) at 17 m. (e) and (f) at 20 m. The
scale bar in (d) and (f) shows the MI period calculated using Equation 6.1.10.

centers of these sidebands are 28 THz away from the pump wavelength (≈ 16 nm centered
around 1064 nm). This is in good agreement with Ωmax calculated using Equation 6.1.7.
Moreover, the sideband signal follows the gain profile calculated using Equation 6.1.8
and stops at the critical frequency calculated using Equation 6.1.6. In the time domain,
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the pulse starts to break up into soliton pulses. With further propagation, at 20 m the main
sidebands become strong enough to cause the formation of more spectral sidebands sep-
arated by Ωmax. In the time domain, the pulse breaks up completely into pulses separated
by the modulation period TMI = 225 fs calculated using Equation 6.1.10. Notice that the
soliton period is not the same in this case since they evolve from background noise (in the
simulation, we used quantum noise [95]). Note also that the MI dynamics start around
17 m which is in good agreement with the estimation drawn in [93], where they estimate
the MI length is given by LMI ∼ 16LNL. To get a more uniform pulse train, one can seed
the modulation instability using a weak CW probe wave together with the pump pulse.
The presence of the CW probe leads to break up of the pump pulse into a periodic pulse
train, where the period of the result pulses is inversely related to the frequency difference
between the pump and the probe waves [18, 96].

MI provides a tool for the generation of smooth and broad SC light sources [92].
The SC source can be used for a wide range of applications such as biomedical imaging,
spectroscopy, and chemical sensing [92, 97]. In the above example, the broadening of the
spectrum is small. To get a broadband SC, we need to choose the right parameters as we
will show in this chapter.

In HC-PCF, Tani et al. have studied SC generation through MI in xenon-filled Kagomé
style PCF [16]. They achieved a −20 dB SC spanning from 320 nm to 1300 nm. Mousavi
et al. have used a Kagomé style HC-PCF to study the Raman effects of the ambient air on
the propagation of picosecond pulses [98]. They observed the formation of a SC ranging
from 900 nm up to 1500 nm. In this work, we experimentally and numerically study the
generation of linearly flat supercontinuum extending from 350 nm up to 2 µm through MI
in argon and nitrogen-filled HC-PCF. We investigate the effect of the Raman nonlinear
response on the MI dynamics and the formation of the supercontinuum.

6.2 Experimental setup

Figure 6.2(c) shows the experimental setup. It is similar to the previous chapter setup with
a few modifications. We use the laser system at a fixed repetition rate of 1 kHz. A 0.62 m-
long fibre is sealed inside a metallic tube which connects two gas cells with optical access
provided by 6.3 mm thick fused silica windows. We achieve up-to 87 % coupling with
both windows installed while the fibre is evacuated. The coupling efficiency is measured
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Figure 6.2: The experimental setup. (a) Cross-section of the PCF used in the experiment.
(b) The near-field beam profile of the output mode of the PCF while in vacuum. (c)
Optical layout of the experiment. TFP: thin-film, λ/2: half wave-plate.

at low input energy (< 500 nJ) to avoid any nonlinear loss (the light can still interact with
the glass). The setup is designed to support a pressure well over 50 bar. Usually, we use
a plastic lid for the gas cells, such as in the soliton experiments described in the previous
chapter, but here, we replace the plastic lid with a metallic lid to support higher pressure.
The system is connected to a pressure relief valve in case we accidentally over-pressurized
the system. Since we are working with 50 bar, we set the pressure relief valve to 51 bar.
The spectrum measurement is similar to the previous chapter.

It should be noted that we encountered some issues regarding fibre performance when
working with high pressures. Although we tested the fibre at vacuum and it handled up to
more than 100 µJ using 220 fs pulses, the fibre input face repeatedly burned when working
with pressures higher than 10 bar even when using longer pulses. At 50 bar, the fibre was
getting burned at an energy of 18 µJ using 1 ps pulses. We have not been able to identify
the reason why the fibre keeps getting burned, but we think that at high pressures and high
energies, the beam profile can be distorted by self-focusing. Hence, part of the beam hits
the thin capillary walls and causes damage. With that in mind, we restrict the upper limit
of the pulse energy to 15 µJ when using 1 ps pulses and 10 µJ when using 220 fs.
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6.3 Supercontinuum generation

6.3.1 Experimental results

Figure 6.2(a) shows a scanning electron microscope image for the fibre used in this ex-
periment. The single-ring nodeless hollow-core anti-resonant fibre has a core diameter
of 32 µm and a wall-thickness of 230 nm. This wall thickness puts the first high-loss
fibre resonance band at around 480 nm, calculated using 2.4.1. Apart from the first high-
loss resonance band, the fibre provides a broadband low-loss transmission window from
250 nm to above 2 µm. One advantage of using HCFs is the ability to change the dis-
persion profile by simply changing the gas pressure. For our experiments, the choice of
the ZDW is crucial for the generation of a flat supercontinuum across the transmission
window of the fibre. As discussed in [92, 99], the ZDW needs to be as close to the pump
wavelength as possible to allow an efficient transfer of energy to the normal dispersion
(i.e., visible and UV wavelengths). Hence, the gas pressure needs to be chosen such that
the ZDW is close to the 1030 nm pump wavelength. Figure 6.3(a) shows how the ZDW
changes with the argon pressure calculated using the capillary fibre model developed in
[19]. In our experiments, we work with 50 bar which locates the ZDW around 895 nm.
This allows the first anti-Stokes MI sideband to be formed in the normal dispersion re-
gion. Calculating Ωmax using β2 from the capillary model locates the anti-Stokes gain peak
around 780 nm. However, if we use the anti-resonant model developed in [47], we get the
anti-Stokes MI sideband located around 821 nm, which is very close to the experimentally
observed value of 835 nm.

In the case where the ZDW is close enough to the pump wavelength, each sideband
forms in a different dispersion region. The pulses in the anomalous dispersion region
form solitons through the balance between self-phase modulation and the negative linear
dispersion. The wavepackets formed on the normal-dispersion side travel with approxi-
mately the same group velocity (GV) as the solitons, as they are nearly symmetric around
the ZDW. These wavepackets become trapped by the solitons [100, 101]. In the absence
of Raman nonlinearity, the soliton interacts with the wavepacket through four-wave mix-
ing (FWM), causing the wavepacket to shift towards the blue. To conserve the photon
number during this process, the soliton experiences a red-shift [16]. Figure 6.3(b) shows
the GV matching between the IR soliton wavelength and the wavepacket wavelength.
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(a) (b)

Figure 6.3: (a) The change of the ZDW as the pressure increases for a 16 µm core-radius
fibre filled with Ar. (b) GV matching between the IR solitons and the wave-packet in the
normal dispersion for 50 bar Ar-filled fibre

Figure 6.4(a) shows the experimental evolution of the output spectrum averaged over
30 pulses on a logarithmic scale as the input pulse energy is increased in steps of 0.5 µJ
between 0.5 µJ and 15 µJ, for 1 ps pulse duration in 50 bar Ar. At low energies, MI side-
bands appear on both sides of the ZDW (labeled by a dashed black line) as shown in
Figure 6.4(b) at 4 µJ. As the energy increases, the sidebands start to merge and forms a
broad SC as shown in Figure 6.4(c). With further increase in the pulse energy, a smooth
and broad supercontinuum is formed from around 10 µJ, becoming exceptionally flat and
extending from 350 nm up to 2 µm. The spectral feature around 550 nm is a result of the
core-wall resonance which changes the dispersion profile of the fibre causing the genera-
tion of the spectral peaks around 550 nm through a combination of four-wave mixing and
dispersive wave emission [102]. Uniform inner capillaries with thinner walls can be used
to reduce such an effect [102]. Using a thinner wall for the inner capillaries will also push
the fibre resonance to lower wavelengths and allow for a smoother continuum on the short
wavelengths edge.

Figure 6.4(e), (f), and (g) show the near-field mode profile across the continuum col-
lected after a BPF at 355 , 660 , and 800 nm respectively. The mode profiles at 660 nm
and 800 nm show Gaussian-like fundamental modes, whereas the UV profile at 355 nm
exhibits higher-order mode content (see Figure 2.10). The UV band is generated via
dispersive-wave emission due to the overlap of the MI soliton spectrum with the phase-
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Figure 6.4: (a) Logarithmic spectra for increasing energy with 0.5 µJ increments for 50 bar
Ar and 1 ps pulse duration. The black dashed line indicates the ZDW. (b), (c), and (d) show
the individual spectrum at three different energies. (e), (f), and (g) show the measured
far-field beam profile at three band-pass filtered wavelengths across the supercontinuum
355 nm, 660 nm, and 800 nm respectively for 10 µJ pump energy.
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Figure 6.5: (a) Experimental spectrum for two pulse durations with similar peak power
(≈ 8 MW) for the same parameters as in Figure 6.4. (b) Experimental spectrum for 50 bar
Ar and 25 bar Kr using 8.5 µJ pulse energy. (c) Experimental and numerical spectrum for
8.5 µJ, 1 ps pump pulses in 50 bar Ar, both averaged over 30 shots.

matched wavelength [9, 94]. This is in good agreement with our numerical results where
the UV part of the spectrum is a combination of a plethora of higher-order modes (see
below).

We investigate how the SC is affected by changing the pulse duration. Figure 6.5(a)
shows the spectrum for two pulse durations with similar peak power (≈ 8 MW). Two
differences can be seen. The first is the spectrum smoothness, where the spectrum is
smoother for the 1 ps case. This can be understood if we look at the number of modulation
periods within each pulse. For the 1 ps pulse, we have ≈ 80 modulation periods within
the pulse. On the other hand, for the 220 fs pulse we only have ≈ 20 modulation periods
within it. Therefore, more sub-pulses contribute to the SC when using the 1 ps pulse, and
these average to give a smoother SC. The second difference is the IR and UV extension
and intensity. This can be understood by looking into the spectrogram (an example is
shown in Figure 6.7). For the 220 fs pulse, a few solitons are formed and some of them
emit dispersive waves. On the other hand, for the 1 ps pulse, more solitons are formed
and more UV is created by their dispersive wave emission. Moreover, due to the larger
number of solitons, more collisions between the solitons and wavepackets happen after
the initial stage of MI (i.e. when the wavepackets are no longer paired to IR solitons).
During their collisions, the wavepackets are shifted towards the blue due to intra-pulse
FWM [103].

We also investigate the SC by using a different noble gas. Figure 6.5(b) shows the
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experimental output spectrum for both argon and krypton with the same pulse energy
and similar values of γ, β2, and ZDW (these values correspond to 25 bar Kr). From the
figure, we can see that both spectra are very similar. This means that we can obtain the
same SC by choosing the right parameters for each gas. Since argon and krypton have
different ionization potentials, it also implies that plasma effects play a minor role at these
parameters.

Figure 6.5(c) shows the experimental spectrum on a linear scale alongside the nu-
merical simulation for 8.5 µJ, 1 ps pump pulses in 50 bar Ar. A good agreement can be
seen between both spectra. The main difference is the spectral spike around 550 nm due
to the fibre resonance which was not included in the simulation (we used the capillary
model in our simulation since it is much faster). We also note that the blue extension of
the simulation is formed by HOMs dispersive waves as will be shown in the following
subsection.

6.3.2 Numerical results

Our numerical simulations are based on solving the modal unidirectional pulse propaga-
tion equation [7, 9] as discussed in Section 2.1.2. We include a range of higher-order
mode types HE1m, where m is an integer. Quantum noise is added to the input optical
field in the simulations through the addition of a noise seed of one photon per mode with
a random phase on each spectral discretization bin [16, 92, 95]. To match the numerical
simulations with experimental results, we estimate that 15 % of the pulse energy from the
laser is amplified spontaneous emission. Hence, all numerical simulations presented in
this work are done with 15 % less energy than the experimental values indicated.

Figure 6.6 shows the numerical simulation results for the same experimental parame-
ters in Figure 6.5(c) with 8.5 µJ pulse energy. Figure 6.6(a) shows the spectral evolution
along the fibre. At around 23 cm the MI sidebands form, with the anti-Stokes sideband
forming in the normal-dispersion region. After that, more sidebands appear and they start
merging to form a SC. With further propagation, HOMs dispersive waves are formed at
around 30 cm due to the overlap of the MI soliton spectrum with the phase-matched wave-
length [9, 94]. These HOMs DWs form the blue edge of the SC as shown in Figure 6.6(c).
The HOMs content around the pump wavelength is a result of mode oscillation [27, 104].
Figure 6.6(b) shows the temporal evolution of the pulse. The 1 ps pulse breaks up into
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Figure 6.6: Numerical simulation results for 50 bar Ar-filled, 16 µm core-radius, fibre
pumped with 1 ps pump centered at 1030 nm with 8.5 µJ input pulse energy. (a) Shows
the spectral evolution along the fibre for all modes on a dB scale. (b) Shows the temporal
evolution for HE11. (c) The output spectrum at the end of the fibre for the first three HE1m

modes processed with a 10 nm Gaussian window. (d) Temporal profile at the output.

few-cycle (or even sub-cycle) pulses with durations of a few fs, as can be seen in Fig-
ure 6.6. These soliton durations agree well with the prediction of Equation 6.1.11 where
the soliton duration can be written as τ0 = TMI/π

2, which gives a soliton FWHM duration
of τFWHM ≈ 2.5 fs. Each of these solitons has a bandwidth of ≈ 320 THz with each of
them centered at a different wavelength. Hence, each of these solitons will contribute in a
unique way to the SC.

Figure 6.7 shows the spectrogram of the pulse at three different positions. After 31 cm
the pulse breaks up into many short sub-pulses, causing the spectrum to broaden. It is
clear that the short Stokes pulses form solitons (due to their shape and the lack of chirping
in their structure, i.e. they are parallel to the wavelength axis.) The short soliton pulses
then emit dispersive waves at short wavelengths and experience soliton recoil [66, 67].
Note how the most red-shifted solitons are timed with the most blue-shifted wavepackets
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Figure 6.7: Spectrograms of the simulation results in Figure 6.6 at different positions
individually normalized. The time window used to create these spectrograms is 15 fs.

and dispersive waves at the same delay on the normal dispersion region. This confirms
the above argument where the mutual interaction between the wavepacket and the soliton
causes each of them to shift more towards the blue and red sides respectively.

6.3.3 Noise characterization

Pulse-to-pulse noise is crucial for some applications, such as spectroscopy. Therefore, we
characterize the noise of the SC source using two methods. The first is by focusing the
attenuated output beam to the tip of the spectrometer fibre and recording the spectrum for
up to 5000 shots. Then, we calculate the relative intensity noise (RIN) using:

RIN =
σ

µ
(6.3.1)

where σ is the standard deviation for the signal at each wavelength (governed by the
spectrometer resolution) and µ is the mean value of the signal. The second method is by
using an oscilloscope. For these measurements, we first collimate the output beam using
a 10 cm focal length lens. We then filter the beam using a 10 nm BPF centered at either
660 nm or 800 nm. The narrowband BPFs are chosen because the SC noise is averaged
out with respect to the bandwidth of the filter, i.e., a large bandwidth tends to give lower
noise. After that, we collect the beam using an integrating sphere that is attached to
a silicon photodiode. The power levels are within the linear operation regime of the
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Figure 6.8: Noise characterization of MI SC for 50 bar Ar using 1 ps 10 µJ pulses. (a)
Shows the experimental RIN measurements. The dark blue was measured by focusing
the beam into the spectrometer while the orange dots were measured using BPFs and an
oscilloscope. (b) Simulation results. The dark blue spectral power line is the mean over
30 shots, and the orange line shows the minimum and maximum limits of the spectral
power. (c) Shows the RIN of the results in (b) processed using a Gaussian window with
FWHM of 10 nm. (d) Same as (c) but processed with a Gaussian window with FWHM of
1.5 nm.

detector. Finally, the photodiode reading is recorded and saved using an oscilloscope. The
RIN is statistically computed by tracking the peak of every recorded pulse (corresponding
to maximum voltage) in the oscilloscope using Equation 6.3.1.

Figure 6.8(a) shows the experimental measurements of RIN using both methods men-
tioned above. The dark blue line shows the RIN for the spectrometer method while the
orange dots show the RIN for the oscilloscope method. The low values of RIN around
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1030 nm are due to the residual pump which did not contribute to the SC, and the amplified
spontaneous emission from the laser. Since the resolution of the spectrometer is less than
∼ 1.6 nm, the expected value of RIN should be much higher than the oscilloscope method
(with BPF width 10 nm) which is what we see in the figure. The relation between the two
measurements can be estimated through σosc = σspec/

√
n, where n is the resolution ratio

between the spectral width of the two methods and is given by n = 10/1.6 = 6.25.
Figure 6.8(b) shows the simulation results (dark blue is the same as Figure 6.6(c))

with the orange line showing the minimum and maximum limits of the spectral power
for 30 simulation results with random noise seeds. Figure 6.8(c) and (d) show the RIN
for data from Figure 6.8(b) processed with a Gaussian window with FWHM of 10 nm
and 1.5 nm respectively. A good match between the experimental and simulation data
can be seen. To reduce the noise, one can use a longer pulse with similar peak power.
This will allow the formation of a higher number of solitons and wavepackets. Each one
of these solitons and wavepackets will have a certain contribution to the supercontinuum
in a unique way. When averaged within a pulse, these contributions lead to a smoother
supercontinuum. The shot-to-shot fluctuations of the spectral power density of the con-
tinuum arises because each shot may have a different number of contributions to each
spectral region. By increasing the number of modulation periods (thus, the number of
solitons and wavepackets) within the pulse, more of these spectral contributions can be
averaged out within the pulse. Moreover, with longer pulses, the spectrum will extend
more to the blue as discussed above.

6.4 Raman response effect on the supercontinuum

We investigate the role of Raman nonlinearity to the SC by using nitrogen, a homo-nuclear
and linear molecular gas. We choose nitrogen since it provides a similar chromatic dis-
persion and Kerr nonlinearity to argon. Figure 6.9(a) shows the output spectrum for argon
and nitrogen at 50 bar using 10 µJ pulses. The main differences between the two spectra
are the spectral shape around the pump and the energy density in the normal dispersion
region. The difference in the spectrum around the pump can be explained by the asym-
metric SPM and the red-shifting of the spectrum in N2 due to the Raman response. On
the other hand, a more careful explanation for the difference in the energy density in the
normal dispersion between Ar and N2 is needed. We investigate these results numerically
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Figure 6.9: (a) Experimental output spectrum for 50 bar Ar and N2 using 1 ps with 10 µJ
input pulse energy. (b) Near-field beam profile at 1047 nm for 50 bar Ar using 2.2 µJ. (c)
Near-field beam profile at 1047 nm for 50 bar N2 using 2.2 µJ.

to identify the dynamics that cause this energy density reduction when using nitrogen.

6.4.1 Raman model

To add the Raman response to our numerical simulation, we add the nonlinear Raman
response to the nonlinear polarization term, as in Equation 2.3.1. The Raman contribution
to the nonlinear polarization arises from the contribution of the rotational and vibrational
response. The total Raman polarization can be written as:

PR = Pv + Pr (6.4.1)

where Pv is the vibrational polarization and Pr is the rotational polarization and the spa-
tial dependence (r, θ, z) is implicitly included for all terms. In molecular gases, an intense
laser field applies torque to the molecules, partially aligning them with the optical field
[105, 106]. The effective third-order nonlinearity due to this alignment can be an im-
portant, even dominant part of the total nonlinearity for intensities below the ionization
threshold [105]. The nonlinear rotational response in diatomic molecules arises from the
dependence of the molecular polarizability on the angle between the laser field direction
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and the molecular axis. The polarizability of the molecule can be written as:

α = α⊥ + ∆α cos2 θ (6.4.2)

where α⊥ is the polarizability when the laser field is perpendicular to the molecular axis,
∆α = α‖ − α⊥ is the polarizability anisotropy, and θ is the angle between the laser field
and the molecular axis. Using a linearly polarized laser field, the molecule tends to align
its axis with the laser field polarization in order to reduce its energy. However, due to the
rotational inertia, the response will be delayed from the laser field. Moreover, since many
rotational lines contribute to the response to the laser field, the overall response is a sum
of all these rotational levels 1. Similarly, a vibrational contribution arises from the optical
force pushing the molecule’s constituent atoms apart and is expressed as the dependence
of the molecular polarizability tensor α on changes in the internuclear separation:

α(Q) = α0 +
∂α

∂Q

∣∣∣∣∣
Q0

Q (6.4.3)

where Q is the internuclear distance, α0 is the polarizability at the equilibrium internuclear
distance (Q0). Substituting 6.4.2 into 6.4.3, we obtain:

α(Q) = α⊥|Q0 + ∆α|Q0 cos2 θ +
∂α⊥
∂Q

∣∣∣∣∣
Q0

Q +
∂∆α

∂Q

∣∣∣∣∣
Q0

Q cos2 θ (6.4.4)

This equation describes the change of the molecule polarizability using a nonrigid rotor
for the diatomic molecule. In this model, the molecule is described as two atoms bound
together with a spring of natural frequency νv. This assumption is true as long as the field
interacts with a single transition between the lowest two vibrational states (which is the
case for our experimental conditions). To find the nonlinear response, we exclude the
static background refractive index proportional to (α⊥ + ∆α/3). Then, the polarizability
is given by:

α(Q) = ∆α|Q0

(
cos2 θ −

1
3

)
+
∂α⊥
∂Q

∣∣∣∣∣
Q0

Q +
∂∆α

∂Q

∣∣∣∣∣
Q0

Q cos2 θ (6.4.5)

1See equations A.4.5-A.4.8
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The total Raman nonlinear polarization is then given by:

PR = Na〈αE(t)〉t = Na

(
∆α

(
〈 cos2 θ〉t −

1
3

)
+
∂α⊥
∂Q
〈Q〉t +

∂∆α

∂Q
〈Q cos2 θ〉t

)
E(t) (6.4.6)

where 〈〉t denotes the time-dependent ensemble average. The first term describe the Ra-
man rotational nonlinear response, while the last two terms account for the rovibrational
nonlinear response. To find a usable expression for Raman nonlinear polarization, one
needs to express the time-dependent ensemble average terms with the molecules’ natural
frequency, its dephasing time, and energy level population. Appendix A.4 shows the non-
linear polarization for each of the two responses derived from Equation 6.4.6. For the full
derivation, see [105, 107, 108].

6.4.2 Numerical results

Figure 6.10(a) and (b) show the numerical simulated temporal evolution of the HE11 and
HE12 modes inside the fibre for N2. Note how the second half of the pulse (i.e. t >0) in
HE11, experiences a high loss even before the MI dynamics start. The lost energy in the
fundamental mode is coupled to HOMs, mainly into HE12 in this case. Since the rotational
shift is small (around 1.6 nm at 1030 nm), the propagation constants for the Stokes and
anti-Stokes waves are very similar. Hence, no direct Stokes wave will be formed in the
fundamental mode due to gain suppression [109–113]. Gain suppression occurs when
the coherence wave created by pump-Stokes beating is identical to the coherence wave
annihilated in pump-anti-Stokes beating causing the rate of creation and annihilation of
phonons to be balanced, resulting in a negligible growth of either signal above the noise
level [110].

However, Stokes wave can be formed in HOMs by an intermodal coherence wave
which is what we observed in the simulation. To investigate this in more detail, we sim-
ulate the propagation of a narrowband pulse through the fibre and we narrow the width
of the rotational line to 330 MHz (corresponding to 0.1 bar in the model we use [15]).
Moreover, we switch off the vibrational response to focus only on the rotational response
contribution. Figure 6.11(a) and (b) show the simulation results for the first 5 cm inside
the fibre. At around 1 cm, energy starts to transfer from HE11 to HE12 through formation
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Figure 6.10: (a) and (b) Show the simulated temporal evolution of HE11 and HE12 mode
intensity respectively, for the same experimental parameters as in Figure 6.9 for N2. Each
mode is normalized to it’s overall peak.

of rotational Raman Stokes at the gain peak2 around 1038 nm as shown in Figure 6.11(c).
After that, more Stokes lines appear in HE12 with their intensity proportional to the ampli-
tude of the gain peaks. With further propagation, anti-Stokes lines generated from signals
in HE12 appear in HE11 at and around the pump wavelength. These anti-Stokes lines co-
incide with the anti-Stokes line positions (shaded bars) as shown in Figure 6.11(d). After
that, even more rotational lines appear through more complicated processes that involve
all the rotational lines and their gain curves.

We also observe HOMs formation experimentally by checking the beam profile around
the pump wavelength by using a BPF. Figure 6.9(b) and (c) show the near-field mode pro-
file using a 1047 nm BPF for 50 bar Ar and N2 respectively, pumped with 2.2 µJ. For Ar,
the beam profile shows a Gaussian-like fundamental mode, while for N2, the beam profile
exhibits HOMs content. Here, we do not observe a HE1m like mode as the simulation
expects. The reason for this (as we show below) is that the HOMs coupling depends on
the initial coupling conditions. In the experiment, due to imperfect spot size and mis-
alignment, it is possible to couple some energy into some combination of HOMs that we
did not include in our simulations such as the LP1m mode family. This HOM coupling at

2The gain is related to h̃(ω) through (gain ∝ Im[h̃(ω)])
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Figure 6.11: Numerically simulated spectral evolution of a 100 ps transform-limited pulse
propagating in 50 bar N2 with a narrow rotational linewidth. (a) and (b) show the spectral
evolution for HE11 and HE12 respectively. (c) shows the spectrum of HE11 and HE12

at 2.5 cm, along with the Stokes rotational gain lines for the pump at 1030 nm (obtained
from the imaginary part of the Raman response). (d) similar to (c) but with the anti-Stokes
positions marked by the grey bars, assuming they are generated by the strongest signal in
HE12.

the fibre input can seed the Raman Stokes wave as we discuss below.

In Ref. [110], gain suppression is observed in the vibrational Stokes wave when using
hydrogen in the vicinity of the pressure-tunable zero dispersion point. In hydrogen, the
vibrational lines are separated by 125 THz, hence, the pressure needs to be tuned to satisfy
the dispersion matching between the Stokes and anti-Stokes waves. In our experiments,
the gain suppression does not depend on the pressure. In N2, rotational lines are so close
that gain suppression is effectively independent of pressure (the phase mismatch is always
small). This is different to the usual case with widely separated vibrational Stokes lines,
such as with hydrogen, which is discussed in [110–112]. We investigate this experimen-
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Figure 6.12: (a) and (b) show numerical results for 1 ps pulse propagating in 40 bar N2-
filled fibre for HE11 and HE12 modes, respectively. (c) and (d) are similar to (a) and (b)
but for 30 bar. (e) and (f) show the experimental near-field beam profile at 1047 nm for
40 bar using 3.5 µJ and 30 bar using 5 µJ, respectively.

tally and numerically by changing the pressure down to 40 bar and 30 bar. In both cases,
we still experimentally observe HOMs content in the output beam at 1047 nm as shown
in 6.12(e) and (f).

The HOMs pulses have a less significant contribution to the SC due to the much
weaker peak power (hence, lower soliton order). HOMs pulses can couple back to the
fundamental mode while still overlapping with the fundamental pulse in time through
anti-Stokes generation at the pump wavelength (using the same intermodal Stokes co-
herence wave). The remaining part of the HOMs either forms a high-order soliton and
interacts nonlinearly with the gas or forms a linear wave that propagates around the pump
wavelength. In both cases, the HOMs pulses do not have a significant contribution to the
SC formation, especially in the normal dispersion region.

Numerically, we find that changing the initial mode coupling changes the amount of
energy exchanged between modes. Figure 6.13 shows the temporal and spectral evolution
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Figure 6.13: Nitrogen numerical results for different mode seeding.
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of the pulse in HE11 and the corresponding energy of different modes for N2, with the
experimental parameters in Figure 6.9(a) and for different input energy in the HOMs. In
the left column, we couple all the input pulse energy into the fundamental mode HE11.
At 10 cm, around 3 µJ couples to HE12 through the intermodal Stokes generation process.
With further propagation, around 1 µJ couples back into HE11 through anti-Stokes gen-
eration. After that, due to the GV difference between the modes, they no longer overlap
in time, and thus the energy exchange between them stops. At around 20 cm, the MI dy-
namics start with roughly 6 µJ of energy in the fundamental mode. In the middle column,
we couple 2 % (∼ 0.2 µJ) of the input pulse energy into HE12. This changes the amount
of energy exchanged between the two modes due to the fact that the Stokes generation is
now seeded and not initiated from noise. Moreover, during the overlap of both modes in
time, some of the energy is coupled into HE13. In the right column, we couple 2 % of the
input pulse energy into HE13. Here, even more energy is being exchanged between the
modes, and the coupling back to HE11 is much smaller than the above two cases due to
the greater difference in GV between HE11 and HE13. In the experiment, part of the input
pulse couples to HOMs due to imperfect alignment and spot size at the input end of the
fibre. This HOMs coupling causes even more reduction in the SC energy density than the
case of the left column simulation in Figure 6.13. Note how the HOMs spectrum, in the
third row of the figure, gathers around the pump wavelength and at the longer wavelength
side. This is mainly due to the HOMs pulses experiencing Raman red-shifting. Moreover,
experimentally, HOMs have higher guidance loss which causes the overall output energy
for N2 to be less than Ar experiment by about 2.2 µJ.
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6.5 Conclusion

In conclusion, we experimentally demonstrated linearly flat SC generation in an Ar-filled
HC-PCF. We characterized the noise of the SC using two methods. We also investigated
the role of the Raman response into the SC using N2 and observed that the energy density
in the normal dispersion region is less than that of Ar. We numerically analyzed this lower
energy density and found that due to gain suppression of the rotational Stokes waves,
a significant portion of the pulse couples from the fundamental mode to HOMs. The
coupled energy to HOMs has a reduced contribution to the SC due to the much weaker
peak power and larger Ae f f . Moreover, we found that by changing the initial condition
at the input pulse coupling away from the perfect coupling, the energy transferred to
HOMs increases which leads to even more reduction of the energy density in the normal
dispersion region.
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7. The effect of molecular dissociation on
dispersive wave emision

The interaction of ultrafast laser pulses with molecules is at the core of modern spec-
troscopy, and key to the concept of femtochemistry: the observation and manipulation
of chemical reactions in real time [114, 115]. In such experiments, dynamical evolution
of the optical pulse is usually avoided for simplicity. In contrast, ultrafast optical pulse
propagation in gas-filled hollow-core optical fibres has proved to be an ideal means to
manipulate the temporal and spectral pulse shape. In particular, such fibres have been
widely exploited to achieve pulse self-compression and the generation of deep and vac-
uum ultraviolet radiation through soliton dynamics (see Chapter 5).

In this chapter, we discuss our observation of the interaction of such soliton dynam-
ics with a mixture of molecular gases which leads to chemical reactions between the gas
components inside the hollow-core fibre. In particular, we discuss our observation and in-
vestigation of a temporally periodic pattern of deep-ultraviolet resonant dispersive-wave
(DW) at the fibre output when an ultrafast nonlinear optical pulse propagates inside an air-
filled hollow-core optical fibre. The observed temporal period, ∼ 100 s, is much slower
than the ultrafast optical dynamics and occurs over many laser pulses of our laser system
(1 kHz repetition rate). Propagation in a purely argon-filled fibre shows constant resonant
dispersive-wave emission from our system with no periodicity, in agreement with a mul-
titude of previous studies. We found that due to the high pulse intensity inside the fibre
(through soliton compression), molecules can dissociate inside the fibre which triggers a
chain of chemical reactions that can cause such observed phenomena. We investigated
the dynamics inside the fibre using a pump-probe experiment and found that due to the
dissociation of oxygen molecules inside the fibre, a build-up of ozone molecules occurs.
Our experiments and observations open a new direction for studies of the interaction of
ultrafast laser pulses and chemical reactions.
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7.1 Experimental setup

The full experimental setup (the probe experiment will be discussed later) is shown in
Figure 7.1(a). A commercial titanium-doped sapphire amplifier delivers 30 fs pulses at a
repetition rate of 1 kHz and a central wavelength of 800 nm (see Section 4.1). A pair of
chirped mirrors are used to compensate for pulse lengthening in air and other optics in
the beam path. An achromatic waveplate and Brewster-angle glass wedge form a variable
attenuator used to control and prepare few microjoule pulses. The pulses are launched into
a 30 µm core-diameter, 22.5 cm length HC-PCF, which is sealed between two gas cells,
using a 25 cm focal length NIR-coated lens. The fibre has six inner capillaries with a wall
thickness of around 210 nm. This structure allows a broadband fundamental transmission
band that spreads from 440 to 1200 nm [116]. In addition, the fibre has another wide
transmission window in the UV centered around 300 nm. For the absolute measurement
of the output spectrum, the output beam is collected using an integrating sphere and a
fibre-coupled CCD UV-visible spectrometer.

7.2 Experimental results

7.2.1 Argon-air comparison

In most gas-filled HC-PCF studies so far, the output spectrum has not shown any kind of
time-dependent dynamics [20, 22, 58, 61, 117]. This is expected since most studies used
either a noble gas or a single type of molecular gas which rapidly returns to its original
state after any change induced by the pulses. In our experiments, the use of mixtures of
molecular gases enables us to explore new phenomena. Figure 7.2 shows the DW part of
the output spectrum plotted as a function of time for argon-filled and air-filled HC-PCF.
The argon experiment output spectrum shows no change in its intensity or wavelength
with time (as expected). On the other hand, the DW output spectrum for the air-filled fibre
experiment shows a change in its intensity and wavelength. To catch all the dynamics from
the start, the pump is blocked for the first few seconds of data collection, so no spectrum
can be seen. Then, we unblock the pump and the output spectrum is collected by focusing
it into the spectrometer fibre tip after attenuation (note that all the experimental spectra
presented in this chapter are not calibrated, since we are only interested in the temporal
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Figure 7.1: Full experimental setup with the probe included. A 30 µm diameter single-
ring HC-PCF is sealed between two gas cells with 2 mm infra-red anti-reflection coated
fused silica front window and a 2 mm uncoated MgF2 output window. A pair of negatively
chirped mirrors are used to compensate for the positive chirp acquired by the pulse by the
optics and the air path. The pump pulses were launched into the fibre using a 25 cm focal
length NIR-coated lens. For the standard experiment, the output spectrum is collected
using an integrating sphere directly after the output window. For the probe experiment,
the pump beam is collimated and focused into the spectrometer after it reflects from a thin
CaF2 glass plate. We used a few 10s of nanojoule pulses from the setup designed in [13]
as the probe and coupled them from the other end of the fibre. The output of the probe
then follows the path of the pump in the opposite direction until it hits a 1.2 cm fused
silica plate. The fused silica plate replaced the glass wedge in the figure for the probe
experiment to eliminate the spatial dispersion that is caused by the glass wedge. The
transmitted part of the probe was focused and collected using another spectrometer. We
also replaced the coated front window with a 2 mm uncoated fused silica window to avoid
the disruption it causes to the probe spectrum. Insets: (i) Scanning electron micrograph
of the fibre cross-section (ii) Near-field image of the fibre output mode. CM, Chirped
mirrors; λ/2, half-wave plate; UV/Vis, UV-visible spectrometer.
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Figure 7.2: UV part of the experimental output spectrum for 6 bar air-filled and 6 bar
argon-filled 22.5 cm fibre.

dynamics). We can see from Figure 7.3 (which shows further detail from Figure 7.2),
that the DW shows a change in its wavelength and intensity in the first few seconds. It
then disappears for roughly one hundred seconds. After that, it appears around its original
wavelength and shows a periodic change in its intensity.

The DW spectrum behavior is unexpected given that we are driving the system with
30 fs pulses at 1 kHz repetition rate and observe such dynamics over hundreds of sec-
onds. So we investigated this strange behaviour, which we believe to be induced by the
dissociation of air molecules by the strong field of the pulse inside the fibre.
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Figure 7.3: The left figure shows the full spectrum output for air-filled fibre with the same
parameters in Figure 7.2. Right: top figure shows the UV DW over 700 s, bottom shows
the first 10 s of the UV DW showing how the DW shift its wavelength to the red after
unblocking the pump beam after 2 s.

7.2.2 Ozone presence investigation

During its propagation inside the fibre, the pulse undergoes self-compression by soliton
dynamics, hence, its peak intensity increases and can reach around of 1014 W/cm2. At
such high intensity, molecules can dissociate [118, 119]. In our experiments, oxygen
molecules dissociate into two oxygen atoms by the compressed pulse inside the fibre. The
oxygen atoms can then interact with other oxygen molecules to form ozone molecules
as described by the Chapman cycle [120]. The Chapman cycle describes the creation
and destruction of ozone molecules in the upper atmosphere by the UV part of sunlight.
The main source of oxygen atoms in the upper atmosphere is the dissociation of oxygen
molecules by UV light with wavelengths less than 242 nm [121]. The Chapman reactions
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are described as following:

O2
hν

λ < 240 nm 2 O, (7.2.1)

O2 + O + M O3 + M, (7.2.2)

O3
hν

λ < 320 nm O2 + O, (7.2.3)

O3 + O 2 O2 (7.2.4)

where h is Planck’s constant, ν is the photon frequency, λ is the photon wavelength, and
M is a third body (usually either O2 or N2). Although the dissociation process depends
on the photon energy, in our experiments, the oxygen molecule dissociates after being
excited to a superexcited state or ionized by the high field intensity (through multiphoton
absorption [122] or tunneling [41, 123]) as we will show experimentally below.

Other air molecules can dissociate as well. For example, nitrogen molecules can
dissociate by the high field intensity, and their dissociated atoms can interact with oxygen
atoms and molecules to form nitrogen oxides. These kinds of dissociation and chemical
reactions have been previously observed in air filamentation experiments [119, 124].

We perform an experiment to investigate the formation of ozone inside the fibre via
absorption spectroscopy using a supercontinuum probe. The probe used is a supercon-
tinuum pulse with tuneable UV part reported in [13]. The supercontinuum probe covers
the spectral range from 200 nm to 1200 nm. The original supercontinuum pulses are very
short (less than 2 fs), so we stretch them to avoid any nonlinear interaction with the air
that is filling the fibre. Hence, the supercontinuum probe is stretched by introducing a
thick BK7 plate in its path, and then it is attenuated to a few 10s of nanojoules using a
glass wedge. The probe is then coupled into the output end of the fibre. The probe output
then follows the same path as the pump but in the opposite direction, until it hits a 1.2 cm
thick fused silica plate (which replaced the glass wedge for this experiment). Then, the
transmitted part of the probe is focused and collected using another spectrometer. The
pump output spectrum is collimated and collected after reflection from a thin CaF2 glass
plate. We use ∼1.3 µJ coupled pump pulses and fill the fibre with two bars of air. For these
parameters, UV DW emission does not occur, so oxygen molecules dissociate only due to
the strong field of the pump at 800 nm. A few 10s of nanojoules probe (which is too weak
to form a significant amount of ozone) are launched into the fibre with the pump being
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Figure 7.4: (a) Ozone investigation experimental spectrum. A 33 cm fibre filled with
2 bar air was used in this experiment. (a) Shows the UV part of the supercontinuum
probe pulses. The probe (few 10s of nanojoule) was launched into the fibre with the
pump initially blocked (the pump was unblocked after 8.5 s). (b) Shows the pump output
spectrum.

blocked. At this stage, the probe spectrum is constant with time as shown in the first 8 s
of Figure 7.4. Once we unblock the pump, the probe pulses are strongly absorbed around
255 nm. The absorption matches the ozone absorption cross-section shown in Figure 7.7.
These experimental results confirm the formation of ozone inside the fibre by the strong
field of the pump pulse at 800 nm even when it is not fully compressed.

At this point, we know that the formation of ozone was critical to the oscillating DW
behavior. We had a few different hyphotesis to explain the driving physical mechanism
behind such observations, such as the complicated chemical reactions between ozone and
other air elements [125] or the interaction of the DW with ozone inside the fibre. We
therefore perform other experiments to check which of these explanations are correct, as
discussed below.
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Figure 7.5: The left figure shows the full spectrum output for 6 bar of N2-O2 gas mixture
filled fibre with the same parameters as in Figure 7.2. Right: the top figure shows the
UV DW over 700 s, bottom shows the first 10 s of the UV DW showing how the DW
wavelength shifts right after unblocking the pump beam after 2 s

7.2.3 N2 – O2 mixture results

We perform an experiment with a nitrogen-oxygen mixture to check if the oscillation pat-
tern is due to complicated chemical reactions between ozone and other air elements (COx,
HOx, NOx) as has been observed in the upper atmosphere [125]. Figure 7.5 shows the DW
behavior with time for 22.5 cm AR-PCF filled with 6 bar N2-O2 (79%-21%) and pumped
with 2.2 µJ. The DW behaves in a similar manner to the air-filled fibre experiment. The
initial DW red-shift, the disappearance, and the oscillation can be observed. However,
the dynamics are not exactly the same, which can be explained by the slight difference in
nonlinearity and the dispersion of both gas mixtures.

7.2.4 He – O2 mixture results

We perform another experiment with a helium-oxygen mixture to check if the oscillation
is due to the interaction between the DW and ozone alone. This experiment eliminates any
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possible chemical interaction aside from oxygen species (O, O2, O3). Figure 7.6 shows
the change of experimental spectrum output with time for 2.5 µJ pulses launched into
22.5 cm AR-PCF filled with 12 bar of 79%-21% He-O2 gas mixture. This pressure and
pulse energy is chosen to cause the formation of the DW around the 260 nm, similar to the
air-filled fibre experiment. It can be seen that the DW red-shifts in the first 10 seconds,
until it is centered around 325 nm for the remaining 700 s. When we zoom into the first
few seconds (Figure 7.6 bottom right, measured in another experiment with the same
parameters, and collected by an Avantes spectrometer, which has a better signal-to-noise
ratio and faster integration time), we see that the DW initially appears around 255 nm and
then disappears quickly. After that, it appears around 275 nm and then shifts towards a
longer wavelength without showing any sign of moving back to the initial position, or of
a periodic pattern in its intensity.

From the He-O2 gas mixture experiment, we conclude that the DW wavelength shift is
due to the dispersion of the accumulated ozone inside the fibre. We also conclude that the
DW oscillating pattern is not due to the interaction of the UV DW with ozone. Instead, it
is due to the chemical reaction between nitrogen and oxygen atoms and molecules.

7.3 Numerical Model

It is exceedingly difficult to fully simulate the dynamics due to the complicated chemi-
cal reactions between the dissociated molecules, electrons, and other gas components for
the air and nitrogen-oxygen mixture [119]. Hence, we perform our simulations for the
case where only the pure Ox chemical reactions are the significant reactions, such as the
helium-oxygen mixture and air at low pressure and low energy (where we estimate that
only O2 dissociates in air-filled fibre simulations). Our simulations are based on modeling
the propagation of the electric field through the AR-PCF using the UPPE and Chapman
chemical reactions, coupled with a one-dimensional diffusion equation. The approach we
use in our simulations is to first solve the UPPE where we include PK, PR, and PI (see
Section 2.3). To calculate the ionization rate, we use the ADK model for atomic gases,
while for molecular gases, we use the molecular ADK theory [40, 41]. We also use the
ADK model as an effective model to calculate the dissociation rate for oxygen and ozone
molecules with 15.5 eV [122] and 9.5 eV as their dissociation energies respectively. For
the Raman response, we use the same model introduced in Chapter 6. Table A.3 lists the
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Figure 7.6: The left figure shows the full spectrum output for a 12 bar He-O2 gas mixture
filled fibre for a pulse energy of 2.5 µJ. Right: the top figure shows the UV DW over 50 s,
the bottom figure shows the first 4 s of the UV DW showing how the DW wavelength
shifts immediately after unblocking the pump beam after less than 1 s.

physical constants that we use to model the oxygen Raman response. Note that the vibra-
tional dephasing time T v

2 and the rotational dephasing time T r
2 are pressure dependent, but

to our knowledge, their values are not available from the literature. However since their
values do not have a big effect on the simulation results (since the pulse duration is of the
order of 10s of fs), we estimate them based on nitrogen values [126].

We split the length of the fibre into 1 mm sections and obtain the concentration of the
three components of interest (oxygen atoms, oxygen molecules, and ozone molecules) at
each position from the dissociated rate. Then, we use the concentration of each compo-
nent to solve the Chapman-diffusion reactions, and calculate the ozone concentration at
each point along the fibre. The change in pulse dynamics, and hence the change in dis-
sociation rate, is negligible for several consecutive pulses, so we solve five iterations of
Chapman-diffusion equations for every single UPPE solution to reduce the time required
for the whole simulation. After that, we calculate the linear operator for the new UPPE
simulation based on the resulting ozone concentration. We then repeat these steps until
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Figure 7.7: (a) Ozone absorption cross-section [127]. (b) The refractive index (n-1) of
ozone. Ref. I is [129], Ref. II is [130], and KK is the result of our calculations using KK
relations.

we get the dynamic result for the desired time range in the experiment.

7.3.1 Ozone loss and dispersion

Figure 7.7(a) shows the absorption cross-section of ozone molecule in the UV spectral
region (note the y-axis unit which is shown in the caption). The ozone cross-section
data have been obtained from two sources. The first source is “The MPI-Mainz UV/VIS
Spectral Atlas” [127], for the data from 64 nm to 1100 nm. The second source is “The
Center for X-Ray Optics” [128] for data below 64 nm. For this set of data, we use the
Beer–Lambert law to get the molecule absorption cross-section from the transmission
data. Most of the data have been measured under different conditions. Hence, all data
have been scaled to the standard conditions (temperature = 0 °C, pressure = 1 bar). We do
not include the ozone infrared absorption data in our calculations and simulations due to
its insignificant contribution.

There is little data on ozone dispersion in the literature. The first paper we looked at
was [129], where the refractive index of ozone in an oxygen-ozone mixture was measured
at 8 different wavelengths in the visible region. In a second paper [130], an equation has
been presented to fit a 12 points data-set to describe the refractive index of ozone for
wavelengths above 400 nm. However, since we are interested in the UV region, this equa-
tion is only useful to compare it with our calculations. To calculate the ozone dispersion,
we used the Kramers-Kronig (KK) relations [131–133]. KK relations describe the rela-
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tionship between the real and the imaginary part of an analytical function in the upper
half-plane. The linear susceptibility χ(1) describes the linear properties of the medium. Its
real part is responsible for dispersive optical phenomena as shown in Section 2.2, and its
imaginary part is related to light absorption. Hence, we can write the complex refractive
index function as:

N(ω) = n(ω) + iκ(ω) (7.3.1)

where κ is the extinction coefficient or the mass attenuation coefficient. κ is related to the
molecular absorption cross-section by κ(ω) = cα(ω)/(2ω), where α(ω) = Nσ(ω) is the
frequency dependent loss, σ(ω) is the absorption cross-section, and N is the the number of
atoms per m3. The KK equations connecting the real and imaginary parts of the complex
refractive index are given by [133]:

n(ω) − 1 =
2
π

P
∫ ∞

0

ω′κ(ω′)
ω′2 − ω2 dω′, (7.3.2)

κ(ω) = −
2ω
π

P
∫ ∞

0

n(ω′) − 1
ω′2 − ω2 dω′. (7.3.3)

We translated the MATLAB code from [133] into the Julia language and used the
cross-section data to calculate the ozone refractive index and dispersion. Figure 7.7(b)
shows the ozone refractive index along with the two data-sets from the literature. The
calculated refractive index lies between the two data sets and generally shows a good
agreement with other data in the visible wavelength region. Moreover, our calculated data
covers all of the NIR, visible, and UV regions which is what we need for our simulations.

Figure 7.8 shows the group velocity dispersion for 30 µm core-diameter fibre filled
with a 7 bar He-O2 mixture for two different ozone concentrations inside the fibre. Adding
ozone to the filling gas significantly affects the dispersion profile in the UV region. The
fine structure in the ozone absorption cross-section in the UV is translated into a fine
oscillation in the dispersion profile. In addition, the position of the ZDW is affected by
the ozone and is shifted to a longer wavelength. This will affect the phase-matching
condition of the DW, hence, the DW wavelength will be shifted to longer wavelengths as
we observed in the experimental and simulation results.
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Figure 7.8: The group velocity dispersion profile obtained using simple hollow capillary
model [19] for 30 µm core-diameter fibre filled with 7 bar He-O2 mixture for two different
ozone concentration inside the fibre. The added ozone concentration is from converting
the oxygen molecules to ozone molecules.

7.3.2 Chapman-diffusion equations

The Chapman reactions describe the creation and destruction of ozone molecules in the
upper atmosphere by the UV part of sunlight [120]. The main source of oxygen atoms
in the upper atmosphere is the dissociation of oxygen molecules by UV light with wave-
lengths less than 242 nm [121]. The oxygen dissociation process can be described by
[120]:

O2
hν

λ < 240 nm 2 O · (7.3.4)

The oxygen atoms combine quickly with O2 to form ozone:

O2 + O + M O3 + M · (7.3.5)

The formed ozone is not very stable and without the presence of M the O3 would rapidly
fall apart to give back O and O2 [120]. The presence of the third body is necessary fulfill
the conditions for energy and momentum conservation [120]. All (allowed) excited elec-
tronic transitions lead to O3 above its lowest dissociation threshold. Hence, dissociation
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of ozone can be achieved with lower photon energy:

O3
hν

λ < 320 nm O2 + O · (7.3.6)

The produced O atom can combined again with oxygen molecules to form ozone. For O3

to actually be lost, the oxygen atoms have to undergo another reaction as described in the
Chapman cycle:

O3 + O 2 O2 · (7.3.7)

These set of chemical reactions describe the simplified life-cycle of ozone. The rate of
these reactions depends on the initial concentrations of the contributing molecules and
atoms and the UV light intensity.

In our experiments, the light with λ < 240 nm (if generated) is quickly scattered due
to the fibre resonance, hence its contribution to the dissociated of oxygen molecules is
small. Therefore we do not include Equation 7.3.4 in our simulations. However, we use
the ADK model to calculate the number of dissociated oxygen molecules. Moreover,
we do not include Eq. 7.3.6 in the Chapman-Diffusion solver, because the UV light is
only present during the pulse propagation (few nanoseconds), so it cannot be added to the
solver as the rest of the chemical reactions. Instead, we use the linear absorption of ozone
to calculate the number of dissociated ozone molecules from the absorbed DW UV light
during the propagation at each one-millimeter section inside the fibre. The solver then
includes equations 7.3.5 and 7.3.7 coupled with a one-dimensional diffusion equation.
The concentration of each Ox is then given by:

d [O]
dt

= D1∇
2[O] + 2k1[O2] − k2[O][O2][M] + k3[O3] − k4[O][O3], (7.3.8)

d [O2]
dt

= D2∇
2[O2] − k1[O2] − k2[O2][M][O] + k3[O3] + 2k4[O][O3], (7.3.9)

d [O3]
dt

= D3∇
2[O3] + k2[O][O2][M] − k3[O3] − k4[O][O3]. (7.3.10)

where [] denotes the concentration in molecule/cm3, ∇2 is the Laplace operator, k1 = 0 is
the rate constant of Equation 7.3.4, k2 = 6.35 × 10−34 cm6/molecule2/s is the rate constant
of Equation 7.3.5, k3 = 0 is the rate constant of Equation 7.3.6, k4 = 7 × 10−15 cm3/molecule/s
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is the rate constant of Equation 7.3.7 [134], and Dx is the diffusion coefficient for Ox ob-
tained or calculated from [135, 136].

7.3.3 Numerical results

The chemical interactions triggered by the high-intensity-field-induced molecular disso-
ciation cause an interesting newly observed phenomenon, as we have seen from the exper-
imental results. When oxygen is present in the experiment, we observed ozone formation
inside the fibre caused by the strong field of the pump at 800 nm, as shown in section 7.2.2.
The formation of ozone causes the UV probe spectrum to be absorbed gradually as time
progresses. We numerically simulate this pump-probe experiment using our numerical
model. We first simulate the pump propagation inside the fibre and obtain the ozone con-
centration for each five milliseconds. After completing ten seconds of pump propagation,
we propagate a supercontinuum probe for each of the five milliseconds in the pump simu-
lation. Figure 7.9(a) shows the experimental and simulation ratio of the spectral intensity
of the probe I(ω) to the initial spectral intensity I0(ω) at 255 nm for a 2 bar air-filled fibre.
We obtain very good agreement between the simulation and the experimental results at
the same pulse energy. We also see from the simulation results that the concentration of
ozone inside the fibre is very sensitive to the pulse energy. This means that the launch
conditions can be crucial for the dynamics that we observed, such as the sensitivity of the
time taken by the DW to complete its shift before it disappears. The shift time slightly
varies when the pulse energy changes. As the pulse energy increases, the initial dynamics
take less time to complete. We also observe the shift time to slightly vary between two
identical experiments. We believe that slightly altered launch conditions (which affect the
coupled pulse energy) are the main reason for this slight change in the shift time.

Figure 7.10 shows the simulation results alongside the experimental spectra for 12 bar
He-O2 mixture and 2.5 µJ pump pulses. We can see that the DW and the spectrum around
the pump both shift towards longer wavelengths in the experiment as well as in the sim-
ulation. This is due to the dispersion of the accumulated ozone inside the fibre. The
corresponding ozone concentration for this simulation result is shown in Figure 7.9(b).
Here we can see the simulation results for the change in the concentration of ozone along
the fibre at different time points. We can see that at the beginning we have a low con-
centration of ozone around the soliton self-compression points. Then, more ozone is
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Figure 7.9: (a) The experimentally measured and simulated ratio of the spectral intensity
I(ω) to the initial spectral intensity I0(ω) of the probe at 255 nm for two bar air-filled fibre.
(b) The simulated change in the concentration of ozone along the fibre at different time
points for 12 bar He-O2 mixture and 2.5 µJ pump pulse.

accumulated and diffused inside the fibre. After five seconds, the ozone concentration in-
side the fibre is 9.3 × 1024 molecules/m3, which corresponds to roughly 3 % of the overall
gas particles. Note how the increase in ozone concentration slows down with time. This
indicates that the formed ozone inside the fibre reaches a balanced state where the forma-
tion and destruction of ozone balances at a certain ozone concentration. This causes the
DW to shift to longer wavelengths gradually as the ozone concentration increases inside
the fibre. Then, the DW keeps its new position after the ozone concentration reaches a
balanced state.

7.4 Detailed experiments

We investigate how the whole dynamics are affected by a change in the fibre length, pulse
energy, and the pressure. Figure 7.11 and 7.12 show the experimental results for air-filled
fibre at different energies, pressures, and two fibre lengths. For 22.5 cm fibre, the initial
DWs spectrum show similar dynamics for 5 bar and 6 bar, where the DW appears, shifts
to longer wavelengths, disappears, and finally reappears at the initial wavelength. For
5 bar and 6 bar, the initial wavelength of the DW is very close to the ozone absorption
peak. This causes the DW to disappear due to the strong attenuation induced by the ozone
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Figure 7.10: (a) Experimental and (b) Simulation results for 2.5 µJ pump pulses launched
into a 22.5 cm long 12 bar He-O2 mixture filled.

molecules inside the fibre. For 2.2 µJ, the DW show an oscillation pattern with shorter
period for the case of 5 bar. However, for other energies, no sign of oscillation can be
seen.

The initial DW spectrum for 7 bar and 8 bar shows different behaviour from the lower
pressures. Since the initial DW wavelength is not as close to the ozone absorption peak,
the DW does not disappear after the shift. Instead, the DW spectrum can be seen to
gradually shift back to its original wavelength. Moreover, the time taken by the initial
shift is longer for the same energies compared to lower pressures. This can be explained
by the fact that there are more oxygen molecules for higher pressures. Hence, more
oxygen molecules are available for dissociation and longer time is required to dissociate
them. The dissociated oxygen contributes to the formation of ozone inside the fibre which
eventually leads to a stronger change in the dispersion profile of the gas. After the DWs
shift back to their original wavelength, no obvious oscillation can be seen.

For a 27 cm long fibre, we observed the same change in the initial dynamics with
pressure as the 22.5 cm fibre. However, when using the 27 cm fibre, oscillation patterns
can be seen at sets of parameters where they can not be seen when using the 22.5 cm
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fibre. For example, at 6 bar and 1.6 µJ, an oscillation pattern can be seen for the 27 cm
fibre where the output is constant for the 22.5 cm after the reappearance of the DW. The
same thing can be seen for 6 bar and 2.8 µJ. The opposite can be seen for 5 bar and 2.2 µJ,
where an oscillation pattern only appears for the 22.5 cm fibre. In addition, for 6 bar
and 2.2 µJ, the oscillation pattern appears in both fibres, however, the oscillation period
is shorter for the 22.5 cm fibre. In general, no obvious conclusion can be drawn for the
relationship between the oscillation pattern and different experiment parameters.

From the 7 bar and 8 bar data, it is clear that the DW is always generated even while
it is returning to its original wavelength. This indicates that when the DW disappears for
lower pressures, it is still being generated, but is absorbed by the formed ozone inside the
fibre.

7.5 Discussion

From the experimental results discussed above we notice that the periodicity pattern ap-
pears when nitrogen is present alongside oxygen, while when we fill the fibre with He-O2

gas mixture, no signs of periodicity are observed. Instead, the DW dynamics over the
first few seconds shows a red shift that we attribute to the accumulated ozone at the point
of DW emission, leading to both a strong dispersion contribution as well as to a strong
absorption. Since it is hard to simulate the air or N2-O2 mixture experiments, definitive
explanation is still missing and will require more investigations, especially regarding the
complex oscillatory dynamics. However, since the presence of the periodicity depends
on the presence of nitrogen, we believe that the chemical reactions between the trapped
atoms and molecules inside the fibre could be the main cause of this unexpected DW be-
haviour. As shown in [119, 137], different molecules can be produced as a byproduct of
chemical reactions triggered by the dissociation of air molecules in air filamentation ex-
periments such as O3, NO, and NO2 with an O3 production rate as high as 400 ppm (with
2.5 pulse/second). Although we have focused our investigation on the ozone formation,
many different chemical reactions could take place and induce an oscillatory behaviour.
This can seen by the return of the DW close to its original wavelength (meaning that there
is not enough ozone molecules to maintain the same dispersion to keep the shifted DW
at its new wavelength). In contrast to this, in the He-O2 experiments, the DW preserves
its new spectral position after it red-shifts to a longer wavelength. This means that in the
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Figure 7.11: Experimental DW spectrum with time for 22.5 cm with indicated parameters.
See main text for more details.
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Figure 7.12: Experimental DW spectrum with time for 27 cm with indicated parameters.
See main text for more details.
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air and N2-O2 experiments, ozone molecules dissociate and the oxygen atoms generated
are lost to form other molecules by other chemical reactions around the first compression
point. Since the dissociation energy for the nitrogen molecule is higher than for oxygen
molecule, the production of oxygen atoms will be much faster, hence, more ozone will be
formed first allowing the DW shift to happen before oxygen atoms start to be lost in other
chemical reactions with nitrogen atoms and molecules.
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7.6 Conclusion

In conclusion, we studied a newly observed phenomenon in gas-filled HC-PCF. We ob-
served for the first time the dissociation of molecular gases inside HC-PCF. In particu-
lar, we observed a temporally periodic pattern of deep-ultraviolet DW at the fibre output
when ultrafast nonlinear optical pulses propagate inside an air-filled hollow-core optical
fibre. We showed that due to the high intensity of the compressed pulse inside the fibre,
molecules dissociate, which lead to a chain of chemical reactions that affect the soliton
propagation dynamics.

We performed several experiments to study this phenomenon. We first investigated the
presence of ozone inside the fibre using a pump-probe configuration. We found that once
the pump beam is launched into the fibre, the UV part of the probe is heavily absorbed
around 255 nm. The absorbed spectrum profile matched very well to the ozone absorption
cross-section. We found that the formation of ozone molecules was due to the dissociation
of oxygen molecules inside the fibre following the Chapman cycle.

Secondly, we performed experiments with different gas mixtures to eliminate possible
complicated chemical reactions that can lead to the observed oscillation pattern. We found
that whenever nitrogen is present in the experiment alongside oxygen, the oscillation
pattern is observed for the same set of parameters (6 bar and 2.2 µJ). This suggests that
the chemical reactions between the oxygen and nitrogen lead to a periodic formation of
ozone inside the fibre, which gives rise to a periodic absorption of the UV DW.

We also performed an experiment with He-O2 gas mixture, where the only chemical
reactions are between oxygen species (O, O2, O3). In this experiment, we found that the
ozone inside the fibre reaches a steady state where the formation and destruction of ozone
balance at a certain ozone concentration. This causes the DW to shift progressively to
longer wavelengths gradually as the ozone concentration increases inside the fibre. Then,
the DW keeps its new wavelength position as a result of steady concentration and balanced
ozone concentration.

We numerically modeled some of the experiments to investigate the dynamics in more
details. Our model is based on solving the UPPE and Chapman chemical reaction cou-
pled with one-directional diffusion equation. The main challenge for our simulation was
to calculate ozone dispersion which we did by using Kramers-Kronig relations (see Sec-
tion 7.3.1). Our numerical results show very good agreement with the experimental re-
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sults. We showed that the DW shift is due to the accumulated ozone dispersion. We also
showed that the dissociation of oxygen molecules can be accurately simulated using the
ADK ionization model.

Finally, we presented experimental results for a pressure-energy scan for air-filled
fibre. We found that with higher energies the initial DW behaviour take less time to
complete. Moreover, we found that with higher pressures, the DW does not disappear and
its initial dynamics take more time due to the larger number of oxygen molecules. There
was no obvious relationship between the DW oscillation pattern and the experimental
parameters.
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In this thesis I have studied the dynamics of ultrashort pulse propagation in gas-filled
HC-PCF. The main results are summarised in what follows.

Chapter 2 gave a brief description of nonlinear pulse propagation in optical fibres.
The effect of the various linear and nonlinear responses on the pulse propagation was
introduced. Different nonlinear effects were discussed, such as self-phase modulation,
self-focusing, stimulated Raman scattering, and photo-ionization. The last section de-
scribed the properties of anti-resonant HC-PCF, such as the guiding mechanism and fibre
modes.

Chapter 3 discussed the characteristics of fundamental and high-order bright optical
solitons and their propagation dynamics. The effect of high-order perturbations, such as
self-steepening, on soliton propagation dynamics was also discussed.

In Chapter 4, a review of the two laser systems used in this work was given. A brief
description of the gas cell and experimental design was discussed. An introduction to the
pulse temporal characterization techniques used in this work was given.

In Chapter 5, we experimentally demonstrated wavelength tunable, sub-15 fs pulses
through soliton compression and soliton plasma interaction directly from a 220 fs com-
mercial laser in a single stage. We characterized the compressed pulses in the time do-
main using a home-built SFG XFROG and showed that 11 fs can be obtained at 1030 nm.
Moreover, we characterized the blueshifting soliton in the time domain for the first time
and showed that its FWHM is sub-15 fs. In addition, we showed that its wavelength can
be tuned between 1030 nm and 700 nm by simply tuning the pulse energy.

In Chapter 6, we experimentally demonstrated linearly flat SC generation in Ar-filled
HC-PCF extending from 350 nm up to 2000 nm with an energy density of ∼ 5 nJ nm−1. We
characterized the noise of the SC using two methods. We also investigated the role of the
Raman response in the SC generation using N2 and observed that the energy density in the
normal dispersion region is less than that generated in Ar, despite the fact that they have
similar dispersion and Kerr nonlinearity. We numerically investigated this lower energy
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density and found that due to gain suppression of the rotational Stokes wave, a significant
portion of the pulse couples from the fundamental mode to HOMs. The coupled energy
to HOMs have a reduced contribution to the SC due to the much weaker peak power and
larger Aeff. Moreover, we found that by changing the initial condition for input pulse
coupling away from perfect coupling, the energy transferred to HOMs increases, which
leads to even more reduction of the energy density in the normal dispersion region.

In Chapter 7, we studied a newly observed and novel phenomenon in gas-filled HC-
PCF. We observed for the first time the dissociation of molecular gases inside HC-PCF.
In particular, we observed a temporally periodic pattern of deep-ultraviolet DW at the
fibre output when ultrafast nonlinear optical pulses propagate inside an air-filled hollow-
core optical fibre. We showed that due to the high intensity of the compressed pulse
inside the fibre, molecular dissociate triggers a chain of chemical reactions that affect
the soliton propagation dynamics. We investigated the dynamics inside the fibre using
a pump-probe experiment and found that due to the dissociation of oxygen molecules
inside the fibre a build-up of ozone molecules occurs. We found that whenever nitrogen is
present in the experiment alongside oxygen, an oscillation pattern is observed for the same
set of parameters (6 bar and 2.2 µJ). This suggests that the chemical reactions between the
oxygen and nitrogen lead to a periodic formation of ozone inside the fibre, which leads to
a periodic absorption of the UV DW. We numerically modeled some of the experiments to
investigate aspects of the dynamics in more details. Our numerical results showed a very
good agreement with the experimental results. We showed that the DW shift is caused
by the accumulated ozone dispersion. We also showed that the dissociation of oxygen
molecules can be accurately simulated using the ADK ionization model.

Broadband-guiding anti-resonant HC-PCFs have been used in experiments for almost
two decades now. Still, many exciting research opportunities are to be explored. In the
following, I discuss new research ideas to further explore some of the experiments per-
formed in this thesis.

In Chapter 5, we presented an experiment to obtain wavelength tunable sub-15 fs
pulses. The experiment can be scaled up in energy and repetition rate following the scal-
ing rules discussed in [13, 82, 138]. Such a source can be used in different applications,
such as pump-probe spectroscopy and high harmonic generation as recently demonstrated
in ref. [139].

In Chapter 6, we showed the results of a flat SC based on MI dynamics by pumping
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at 1030 nm. One possible improvement to the blue extension of the SC is dual pumping.
As discussed in [140, 141], dual pumping can enhance the blue extension of the SC.
Hence, by using the SHG of the 1030 nm, it is possible to co-pump the fibre with both the
fundamental and the SHG signal to explore the effect on the SC. A particular attention to
the ZDW is needed to match the GV between the solitons formed by the IR pump and the
wavepackets formed by the SH pulse.

Another route to a smooth and flat SC is through the use of a combined effect of
Raman frequency combs and Kerr nonlinearity. As shown in [15], a SC is obtained by
pumping 40 bar nitrogen-filled HC-PCF with a 20 ps pulse. However, a clear difference
between the simulation and experimental results can be seen, such as the smoothness of
spectrum. This is due to performing the simulation using a mode-averaged model. Such a
model does not catch the gain suppression dynamics as discussed in Chapter 6. A possible
improvement to this experiment is to use hydrogen instead of nitrogen. The rotational and
vibrational lines in hydrogen are well separated and can be used to avoid gain suppression.
Another possible gas is methane. Methane does not have a rotational response due to its
symmetry, thus, the gain suppression issue is eliminated. However, methane has a similar
ionization potential as oxygen, hence, it may have dissociation issues.

In Chapter 7, we showed the results of molecular dissociation by high intensity pulses
and how they affect the soliton propagation dynamics. Although we succeeded in un-
derstanding some of the dynamics, no clear understanding of the DW periodic pattern
was drawn. A further understanding of the DW periodic pattern can be gained by fully
simulating all the possible chemical reactions happening inside the fiber.

Lastly, the work reported in this thesis aims to contribute to the understanding of
nonlinear pulse propagation dynamics in gas-filled HCFs. Some of the experiments pre-
sented here were already intensively studied, such as pulse compression. On the other
hand, some of the experimental phenomena were observed for the first time in HC-PCF,
such as chemical reactions induced by high-intensity molecular dissociation. Overall,
HCFs provide an excellent platform for developing ultrashort light sources and for study-
ing light-matter interaction. With all the studies done with HCFs so far, much work is still
needed to integrate HCFs in practical industrial applications.
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Appendices

A.1 List of abbreviations

ADK Ammosov-Delone-Krainov
BBO β-barium borate
BPF band-pass filter
CCD charge-coupled device
CPA chirped pulse amplification
CW continuous wave
DW dispersive-wave
ePIE extended ptychographic engine
eV electron-volt
FROG Frequency-resolved optical gating
FWHM full-width half-maximum
FWM four-wave mixing
GV group velocity
GVD group velocity dispersion
HC-PCF hollow-core photonic crystal fibres
HCF hollow-core fiber
HOM higher-order mode
HWP half-wave plate
KK Kramers-Kronig
MI modulation instability
MW megawatt
NLSE nonlinear Schrödinger equation
PBG photonic band gap
PCF photonic crystal fibres
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PCGPA principal components generalized projections
PPT Perelomov-Popov-Terent’ev
RA regenerative amplifier
RIN relative intensity noise
SC supercontinuum
SFG sum-frequency generation
SHG second-harmonic generation
SPA single-pass amplifier
SPM self-phase modulation
SR-PCF Single-ring photonic crystal fibres
SRS stimulated Raman scattering
UPPE unidirectional pulse propagation equation
XFROG cross-correlation frequency-resolved optical gating
ZDW zero dispersion wavelength

A.2 Effective area

The effective area Ae f f
j of a mode j is defined as:

Aeff
j =

[∫ 2π

0

∫ ∞
0

∣∣∣et
j

∣∣∣2rdrdθ
]2

∫ 2π

0

∫ ∞
0

∣∣∣∣et
j

∣∣∣∣4rdrdθ
(A.2.1)

where
∣∣∣et

j

∣∣∣ describes the modal intensity profile. For HC-PCFs where the light is almost
exclusively guided in the filling gas [22], the integrals are effectively over the core region
with the filling gas alone. Hasan et. al. developed an empirical formula that can be used
to calculate the effective area of anti-resonance HC-PCFs [142].

A.3 Detailed derivation of single-mode UPPE

Assuming a single waveguide mode and the nonlinear polarization preserve exactly the
spatial mode, then Equation 2.1.13 can be written as:

P̃NL
j (z, ω) =

∫ 2π

0

∫ ∞

0
ê∗j(ω) · ê j(ω)P̃NL

av (z, ω)rdrdθ. (A.3.1)
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which becomes:

P̃NL
j (z, ω) = P̃NL

av (z, ω)
1

N j(ω)

∫ 2π

0

∫ ∞

0
e∗j(ω) · e j(ω)rdrdθ. (A.3.2)

where P̃NL
av is calculated using the averaged electric field Ẽav(z, ω) =

√
(2/(ε0cAeff)Ẽ j(z, ω).

Recall the normalization factor:

N j(ω) = N jk(ω)δ jk =
1
2

∣∣∣∣∣∣
∫ 2π

0

∫ ∞

0
ẑ · (ê j × ĥ

∗

k)rdrdθ

∣∣∣∣∣∣, (A.3.3)

The electric field vector can be decomposed into two components:

e(r) = et(r) + ez(r) ẑ (A.3.4)

The relation between the electric and magnetic field is given by [143]:

ht =

√
ε0

µ0

1
k

ẑ × {βet + i∇tez} (A.3.5)

Substituting Equations A.3.5 and A.3.4 into Equation A.3.3 and assuming a negligible
axial component, with some algebra we have:

N j(ω) =
1

2µ0ω

∣∣∣∣∣∣
∫ 2π

0

∫ ∞

0
βet · etrdrdθ

∣∣∣∣∣∣ (A.3.6)

which reduced to:

N j(ω) =
β

2µ0ω

∫ 2π

0

∫ ∞

0

∣∣∣et
∣∣∣2rdrdθ (A.3.7)

By substituting Equation A.3.7 into Equation A.3.2 and assuming a frequency indepen-
dent transverse distribution, we obtain:

P̃NL
j (z, ω) =

2µ0ω

β
P̃NL

av (z, ω) (A.3.8)

Substituting this equation into 2.1.12, we finally obtain Equation 2.1.14
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Constant Unit Ref. Value
B m−1 [145] 199
D 10−4 m−1 [145] 5.74
µ 10−26 kg 1.16
νv THz [145] 69.9
∆νv THz [126] 0.04
∂α/∂Q 10−20 m2 [146] 1.75
∆α 10−31 m2 [147] 6.7
qJ odd 1
qJ even 2

Table A.2: Nitrogen molecule constants used in numerical simulations.

A.4 Raman response

We use a nonrigid rotor model to describe the diatomic molecules [107]. In this model,
we describe the molecule as two atoms bound together with a spring of natural frequency
νv. This assumption is true as long as the field interacts with a single transition between
the lowest two states (which is the case at the experimental condition). Using this model,
we can describe the time-dependent vibrational transition by [15, 107, 144]:

Pv(t) = E(t)N(4πε0)2κv

∫ ∞

0
h(νv,T v

2 , τ)E(t − τ)2dτ, (A.4.1)

κv = −(
∂α

∂Q
)2 1

8πµνv
, (A.4.2)

h(νv,T v
2 , τ) = sin(2πνt)exp(−t/T2) (A.4.3)

where N is the number density, h(νv,T v
2 , τ) is the Raman response function, T2 = (π∆ν)−1

is the dephasing time, ∆ν is the FWHM linewidth of the Raman transition, ∂α/∂Q is the
isotropic averaged polarizability derivative with respect to the ensemble-averaged molec-
ular stretch Q, and µ is the reduced molecular mass.

Unlike vibrational levels, the spacing between rotational levels are small and multiple
levels can be involved in the nonlinear response. The rotational Raman response is given
by summing over all the rotational transitions [148]:

Pr(t) = E(t)N(4πε0)2 ×
∑

J

κJ
r

∫ ∞

0
h(νJ

r ,T
r
2, τ)E(t − τ)2dτ, (A.4.4)
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Constant Unit Ref. Value
B m−1 [147] 144
D 10−4 m−1 [151] 4.84
µ 10−26 kg 1.3
νv THz [152] 300
T v

2 ps 5
∂α/∂Q 10−20 m2 [152] 1.46
∆α 10−31 m2 [147] 10.2
T r

2 ps 16
qJ odd 1
qJ even 0

Table A.3: Oxygen molecule constants used in numerical simulations.

κJ
r =

4π∆α2

15h
(J + 1)(J + 2)

2J + 3

(
ρJ+2

2J + 5
−

ρJ

2J + 1

)
, (A.4.5)

νJ
r = (eJ+2 − eJ)/h, (A.4.6)

eJ = hc[BJ(J + 1) − DJ2(J + 1)2], (A.4.7)

ρJ =
qJ(2J + 1)exp(−eJ/kBT )∑
K qK(2K + 1)exp(−eK/kbT )

(A.4.8)

where ∆α is the molecular polarizability anisotropy, eJ and ρJ are the energy and the
thermal population of each level, h is Planck’s constant, B and D are the rotational and
centrifugal constants for the specific molecule, kB is Boltzmann’s constant, T is the tem-
perature, and qJ is an integer that takes into account the quantum effects due to nuclear
statistics. The transition between energy levels is governed by the selection rule ∆J = ±2
[149]. Here, I presented the final results of the model. For full derivation, see [105, 107,
108]. Table A.2 shows the numerical parameter used in our numerical simulation. The
dispersion of nitrogen is obtained from [23]. The electronic nonlinearity is calculated
from [150].
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[141] E. Räikkönen, G. Genty, O. Kimmelma, M. Kaivola, K. P. Hansen, and S. C.
Buchter, Supercontinuum generation by nanosecond dual-wavelength pumping

in microstructured optical fibers, Optics Express, vol. 14, no. 17, pp. 7914–7923,
Aug. 2006, issn: 1094-4087. doi: 10.1364/OE.14.007914 (cit. on p. 104).

[142] M. I. Hasan, N. Akhmediev, and W. Chang, Empirical Formulae for Dispersion

and Effective Mode Area in Hollow-Core Antiresonant Fibers, Journal of Light-

wave Technology, vol. 36, no. 18, pp. 4060–4065, Sep. 2018 (cit. on p. 106).

[143] A. W. Snyder and J. Love, Optical Waveguide Theory. Springer US, 1983, isbn:
978-0-412-09950-2. doi: 10.1007/978-1-4613-2813-1 (cit. on p. 107).

[144] J. P. Gordon, Theory of the soliton self-frequency shift, Optics Letters, vol. 11,
no. 10, p. 662, Oct. 1986, issn: 0146-9592, 1539-4794. doi: 10.1364/OL.11.
000662 (cit. on p. 108).

127

https://doi.org/10.1021/acs.jpca.5b06319
https://doi.org/10.1364/OPTICA.3.000075
https://doi.org/10.1038/s41377-021-00477-x
https://doi.org/10.1109/LPT.2006.886859
https://doi.org/10.1364/OE.14.007914
https://doi.org/10.1007/978-1-4613-2813-1
https://doi.org/10.1364/OL.11.000662
https://doi.org/10.1364/OL.11.000662


[145] J. Bendtsen, The rotational and rotation-vibrational Raman spectra of 14N2,
14N15N and 15N2, Journal of Raman Spectroscopy, vol. 2, no. 2, pp. 133–145,
1974, issn: 1097-4555. doi: 10.1002/jrs.1250020204 (cit. on p. 108).

[146] W. F. Murphy, W. Holzer, and H. J. Bernstein, Gas Phase Raman Intensities:

A Review of “Pre-Laser” Data, Applied Spectroscopy, vol. 23, no. 3, pp. 211–
218, May 1969, issn: 0003-7028. doi: 10.1366/000370269774380824 (cit. on
p. 108).

[147] J. K. Wahlstrand, Y.-H. Cheng, and H. M. Milchberg, Absolute measurement of

the transient optical nonlinearity in N2, O2, N2O, and Ar, Physical Review A,
vol. 85, no. 4, p. 043 820, Apr. 2012. doi: 10.1103/PhysRevA.85.043820 (cit.
on pp. 108, 109).

[148] E. T. J. Nibbering, G. Grillon, M. A. Franco, B. S. Prade, and A. Mysyrowicz,
Determination of the inertial contribution to the nonlinear refractive index of air,

N2, and O2 by use of unfocused high-intensity femtosecond laser pulses, Journal

of the Optical Society of America B, vol. 14, no. 3, p. 650, Mar. 1997, issn: 0740-
3224, 1520-8540. doi: 10.1364/JOSAB.14.000650 (cit. on p. 108).

[149] D. C. Harris, Symmetry and spectroscopy : an introduction to vibrational and

electronic spectroscopy. Dover Publications, 1989, isbn: 978-0-486-66144-5 (cit.
on p. 109).

[150] H. J. Lehmeier, W. Leupacher, and A. Penzkofer, Nonresonant third order hy-

perpolarizability of rare gases and N2 determined by third harmonic generation,
Optics Communications, vol. 56, no. 1, pp. 67–72, Nov. 1985, issn: 0030-4018.
doi: 10.1016/0030-4018(85)90069-0 (cit. on p. 109).

[151] P. J. Linstrom and W. G. Mallard, The NIST Chemistry WebBook: A Chemical

Data Resource on the Internet, vol. 46, no. No. 5, pp. 1059–1063, Sep. 2001 (cit.
on p. 109).
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