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Abstract

Soliton-effect dynamics during the propagation of an ultrashort pump pulses in gas-
filled hollow-core fibres offer unique capabilities for applications in many different
fields of science and technology, such as strong-field physics and time-resolved spec-
troscopy. In recent years many advancements have been made by the use of gas-filled
hollow-core micro-structured fibres. However, because of their small core sizes these
systems have been limited with respect to the maximum energy that can be used to
observe these dynamics.

In this thesis a method of scaling the energy of soliton-effect dynamics thought
the use of simple fused silica hollow capillary fibres (HCFs) is studied. First, the
viability of HCFs as a platform for high-energy soliton dynamics is demonstrated
by the compression of mJ-level pump pulses to sub-cycle duration, combined with
the emission of tunable ultrafast pulses, called resonant dispersive-wave (RDW)
emission, over the ultraviolet spectral region with brightness comparable to that
of free-electron lasers for these wavelengths. This is achieved by pumping a 3 m-
long helium-filled HCF with inner diameter of 250 µm with 10 fs pulses centered at
800 nm and 1 kHz repetition rate. The soliton-effect self-compression was shown to
yield pulses with envelope duration of 1.2 f fs and 340 µJ energy when the HCF was
filled with 400 mbar of helium. The wavelength of the RDW emission can be varied
simply by changing the filling gas pressure, and this tunability was demonstrated
for RDW emission from 120 nm to 350 nm by using He-pressures in the range of
230 mbar-4 bar. The energy of the UV-RDW was measured to nearly 1 µJ around
120 nm and up to 16 µJ around 220 nm. These represent two orders of magnitude
increase both in the self-compressed pulse energy and the RDW energy in comparison
to previous demonstrations in gas-filled hollow-core micro-structured fibres.

Further, the variation of the observed dynamics as a function of the dispersion
regime, in which the pulses are propagating, is studied using the same optical setup,
but using argon as HCF-filling gas. The filling-gas pressure is varied from 7 mbar to
3.344 bar in order to continuously change the dispersion at the pump wavelength of
800 nm from anomalous to normal. This has shown that the wide variety of soliton
dynamics, which have so far been observed in gas-filled micro-structured fibres, can
also be observed in HCFs. In addition, a new regime of interest is identified when
the short, 10 fs pump pulses are propagating near the zero-dispersion wavelength
(ZDW) of the gas-filled HCF. In this regime, in addition to spectral broadening,
a RDW-like band of radiation is generated at wavelengths shorter than the pump.
This is attributed to self-phase-modulation-induced pulse splitting of the pump pulse
near the ZDW and the consequent collision and cross-phase modulation of the split
pulses. In this study it is also shown that in certain cases, for example when the
pulse is experiencing significant self-focusing or ionisation, modelling by simply as-
suming pure fundamental-mode initial coupling into the HCF is not appropriate.
Instead, a full-spatial propagation of the pulse to the input of the fibre is neces-
sary to appropriately calculate the initial modal excitation before the propagation
through the HCF.

Lastly, the short-wavelength extent of the process of RDW emission in different
noble gases is studied. A previous result present in the literature, the existence
of a gas-dependent RDW emission wavelength cut-off, which is shifted to shorter



wavelengths for lighter noble gases, is experimentally confirmed. Using the same
HCF system as the previous studies, it is shown that the shortest RDW than can
be generated is 115 nm in helium, 125 nm in neon, 160 nm in argon, and 180 nm in
krypton. A possible reason for this cut-off is presented, linking it with the ionisation-
influenced dynamics of the pump pulse. Further studies will aim to find a way of
extending the RDW emission cut-off to shorter wavelengths.
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Chapter 1

Introduction

The continuous ability to probe and modify matter at smaller spatial and shorter

temporal scales is contingent on the availability of bright and coherent ultrafast

sources. Along with advances in laser technology, many nonlinear schemes have

been used to convert laser light to different wavelengths and thus expand the tun-

ability range of available light sources. Additionally, many experiments, such as the

production of isolated attosecond pulses through high-harmonic generation, need

pump pulses with duration of only a few field cycles [1, 2]. Other applications, like

ultrafast spectroscopy [3], additionally demand short pulses at wavelengths which

cannot be directly generated from a laser system. These requirements drive the

pursuit for secondary sources that offer the generation of radiation at previously

unavailable wavelengths and with single- or sub-cycle pulse duration.

Spectral regions of particular interest for a wide variety of scientific and techno-

logical applications in fields such as photo-biology, material sciences and precision

metrology are the deep ultraviolet (200 nm-300 nm, DUV) and vacuum ultraviolet

(100 nm-200 nm, VUV). The photon energy in these spectral ranges corresponds to

the electronic resonances of many materials, for example molecules of chemical and

biological significance. DUV and VUV light has also been used for lithography in

the past, because the short wavelength of the radiation allows it to be focused to

smaller focus sizes for the manufacturing of small features. While ultraviolet light

leads to cell damage and DNA mutations [4], it also has germicidal effects, which
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Chapter 1: Introduction

makes the UV an interesting spectral range for medical science.

In recent years, a plethora of exciting effects resulting from high-order soliton evo-

lution have been observed in optical fibers [5, 6]. Such solitons are formed, because

the chirp introduced by self-phase modulation (SPM) in the material constituting

the fiber core can be compensated by anomalous waveguide dispersion. There are

two aspects of soliton effects in hollow-core fibres which are particularly interesting

for ultrafast science—on one side they provide a new method for compressing pulses

down to sub- and single-cycle duration without the need for other external optics

[7], while on the other side it is possible to generate pulses in the deep and vacuum

ultraviolet [8] or infrared [9] regions through the process of resonant dispersive-wave

(RDW) emission. These effects have been demonstrated in photonic crystal fibers

(PCFs), both solid- and hollow-core, with cores no bigger than a few 10s of µm in

diameter, which has limited the energies used to the tens of µJ-regime.

A natural way to tackle this energy limitation is to use large-core fibres. However,

micro-structured hollow-core fibres are still not easily commercially available and

designs with core sizes of more than a few tens of µm have not been demonstrated.

Additionally, by increasing the core size, the bend loss of micro-structured fibres

increases, negating their advantage of being able to be coiled up [10]. On the other

hand, hollow capillary fibers (HCFs) have been a staple of nonlinear optics for the

past decades. While the waveguide dispersion of HCFs is anomalous for the entire

spectral range, its magnitude decreases with increasing core size. However, if the

hollow core is filled with gas, this raises the total dispersion, even easily making it

normal at the wavelength of the pump pulses. As anomalous dispersion is essential

for the formation of solitons, it was considered in the past that capillary fibers could

not be used to observe soliton effects. However, the decrease in the anomalous dis-

persion can be counteracted by choosing either shorter pump pulses or longer lengths

of fiber. In the past the use of longer than a metre HCFs has posed a technical chal-

lenge in keeping the fibres straight to avoid bend losses. Fortunately, through the

technique of fibre stretching [11] it is possible to almost entirely eliminate the bend

losses and reach the theoretical limit of capillary transmission.
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Chapter 1: Introduction

Based on the useful features of soliton dynamics, it is logical to seek to demonstrate

their scaling in larger-core HCFs. To this end, the work performed in this thesis has

aimed to transfer the rich soliton dynamics to HCFs. By doing so, the energy of the

pulses, which are obtained through soliton self-compression and RDW emission, is

up-scaled by two orders of magnitude. Next, the wide range of possible effects that

can be obtained by tuning the dispersion in which the pump pulses propagate is

investigated, and the continuity in the change of dynamics as the dispersion shifts

from anomalous to normal is highlighted. Finally, the shortest wavelength that

can be obtained by soliton-effect RDW emission and the possible reasons for the

observed short-wavelength cut-off are investigated.

This work fits into the field of ultrafast laser physics by studying the energy scalabil-

ity and tunability of secondary sources based on soliton dynamics. The development

of these sources would add to the toolbox of strong-field and attosecond science,

adding further capabilities in potentially simpler and more cost-effective setups. On

one hand, the self-compression that is intrinsic to the propagation dynamics of high-

order solitons can be used to generate pulses with few- and sub-cycle durations. They

can be used as an alternative method to the traditional post-compression schemes,

based on SPM-broadening in a HCF followed by temporal compression by chirped

mirrors, which are currently limited to a minimum compressed duration of 3-4 fs for

pump pulses at 800 nm [12, 13], generated by Ti:Sapphire laser systems, a limitation

which arises because of the bandwidth of commercially available chirped mirrors.

While compression further down to the sub-cycle regime is achievable through the

use of transient-field synthesisers [14], extending the idea of post-compression by

using multiple wavelength channels that are separately compressed and then recom-

bined, it comes at the expense of complex interferometric setups. Hence, the use

of soliton dynamics for a single-channel compression without the need of external

optics would be beneficial. On the other hand, the generation of radiation in the

VUV and DUV through the soliton-based process of RDW emission offers some ad-

vantages to the traditional methods, relying on different frequency-mixing schemes,

used in this spectral region. One of these advantages is the straightforward tun-

3



Chapter 1: Introduction

ability of the radiation wavelength, which can be controlled simply by changing the

HCF filling gas pressure. This is combined with ultrashort duration of the RDW

emission, which was measured to be on the order of 3 fs in DUV region [15], when

pumping with pulses of duration 13.5 fs, and simulations suggesting very similar

durations in the VUV spectral region. Another advantage is the high efficiency of

this process—typically of the order of 8%, but conversion efficiencies of over 10%

are also achievable, which is much higher that the conversion efficiencies achievable

with perturbative frequency-mixing schemes. In addition to that, the generation of

circularly-polarised UV pulses only requires circularly-polarised pump pulses, and

the in-vacuum delivery of the UV radiation can be done using a pressure gradient

in the HCF [16, 17]. However, as shown in this thesis, the extension to shorter

wavelengths of the RDW emission process is limited, with the shortest wavelength

observed here being 115 nm in helium-filled HCF, meaning that other generation

mechanisms, such as high-harmonic generation[18], have to be used when radiation

in the extreme ultraviolet spectral region is required. The availability and flexibility

of ultrashort tunable UV radiation can facilitate applications in spectroscopic stud-

ies of the dynamics in different atoms and molecules of interest, particularly with

the tunability allowing to resonantly excite different electronic states.

4



Chapter 2

Propagation of ultrashort pulses

In this chapter a summary of fundamentals of laser pulse propagation in nonlinear

media that are relevant for the rest of the thesis is presented. Section 2.1 begins

with the mathematical description of ultrashort pulses and the equations which

model their propagation. The material response and the relevant linear, nonlinear

and ionisation interactions are briefly discussed in Section 2.2. In this chapter,

these effects are presented in isolation, however in practice they very rarely act

by themselves. Since the research presented in this thesis is based on studies of

nonlinear effects in noble atomic gases, only Kerr nonlinearity is considered. In

Section 2.3 the guidance properties of hollow-core fibres are presented, along with

the advantages that pulse propagation in fibres offer to nonlinear optics. In Section

2.4 the modal decomposition possible in fibres is combined with the wave equation

to give the form of the unidirectional pulse propagation equation (UPPE), which is

used for numerical modelling in the rest of the thesis. Finally, in Section 2.5 the

recent and very important scaling rules for nonlinear interactions are discussed.

2.1 Description of ultrashort laser pulses

Light pulses are bursts of oscillating electromagnetic radiation, where the pulse dura-

tion is longer than the field oscillation period. For example for a pulse with a central

wavelength of 800 nm, the field oscillation period is close to 2.7 fs. Ultrashort pulses

5



Chapter 2: Propagation of ultrashort pulses

usually refers to pulses with duration < 100 fs, but this is an arbitrary distinction.

Usually only the electric field is used to describe the optical pulse, because of the

magnitudes of difference between the strength of interaction with matter, via the

Lorentz force, of electric and magnetic fields.

Often the description of a pulse is separated into transverse coordinates r, longitu-

dinal coordinate z along the propagation direction and time t, or their correspond-

ing spectral counterparts. The mathematical descriptions of optical pulses in the

time- and in the frequency-domains are equivalent and connected to each other by

a Fourier transform:

E(t) = F̂ [E(ω)] =

∫ ∞
−∞

dω

2π
Ẽ(ω)e−iωt and Ẽ(ω) = F̂−1

[
Ẽ(t)

]
=

∫ ∞
−∞

dtE(t)eiωt,

(2.1)

where E(t) is the real electric field of the pulse and Ẽ(ω) is its complex-valued spec-

trum in terms of angular frequencies ω. The spectrum is a Hermitian-symmetric

function, having symmetrical spectral amplitudes for both positive and negative fre-

quencies, but conjugate phase. In general, the negative-frequency components of the

spectrum are neglected, but they can play a role in certain phase-matching processes

[19]. The electric field of the pulse, which is a real measurable quantity in macro-

scopic electromagnetic theory, can also be mapped to a complex analytic signal.

The analytic signal is obtained by only considering the positive-frequency spectrum

of the pulse. A reason that sometimes a complex representation is preferred is that

the Fourier transform of a real function is a complex function that is Hermitian,

which makes half of the frequency representation redundant. The carrier-resolved

time-dependence of the real electric field of the pulse can be represented as [20]:

E(t) =
1

2
[E(t) + E∗(t)] , (2.2)

where E(t) is its analytic signal. Alternatively, the analytical signal can be found

6



Chapter 2: Propagation of ultrashort pulses

through the positive-frequency part of the spectrum:

E(t) = 2F̂ [E(ω)]
∣∣∣
ω>0

= 2

∫ ∞
0

dω

2π
Ẽe−iωt. (2.3)

Since optical pulses are propagating solutions for the electromagnetic field they do

not contain a zero-frequency field component. In polar form the analytic signal can

be written as an amplitude Ã(ω) and a phase ϕ(ω):

Ẽ(ω) = Ã(ω)eiϕ(ω). (2.4)

In the time domain the different time scales can be separated from the amplitude

by:

E(t) = A(t)e−iω0teiϕ(t), (2.5)

where the pulse envelope A(t) gives the overall shape of the propagating wave-packet

without the fast optical oscillations of the carrier wave at frequency ω0. Finding the

envelope of the corresponding analytic signal is a recipe to extract the envelope of

an arbitrary real signal. On the other hand, the instantaneous frequency is the

negative derivative of the phase:

ω(t) = −∂φ(t)

∂t
= ω0 −

∂ϕ(t)

∂t
. (2.6)

The mathematical representation of the pulse in terms of an analytical signal is useful

and intuitive, and usually when referring to a pulse, the pulse envelope is meant

rather than the field transient. The transient is useful when considering few- and

single-cycle pulses and physical processes that are determined by the instantaneous

field, rather than the intensity.

In the classical macroscopic regime, when the number of photons contained in the

pulse is large and their energy is low compared to the characteristic excitation en-

ergies of the medium particles they interact with [21], the discrete photon aspect of

the electromagnetic field and the quantum mechanics of the material response can

be neglected, and the description of electromagnetic fields is governed by Maxwell’s

7



Chapter 2: Propagation of ultrashort pulses

equations:

∇ ·D(r, z, t) = ρe(r, z, t)

∇ ·B(r, z, t) = 0

∇×E(r, z, t) = −µ0
∂H(r, z, t)

∂t

∇×H(r, z, t) = J(r, z, t) +
∂D(r, z, t)

∂t
,

(2.7)

where E(r, z, t) and B(r, z, t) are the electric and magnetic fields and D(r, z, t)

and H(r, z, t) are the electric displacement and magnetic induction fields, which

are related to the fields inside the material, ρe(r, z, t) and J(r, z, t) are the free

charge density and free charge current in the medium. The fields inside the material

are different than the vacuum fields, since the interaction with the constituting

atoms modifies them. The vacuum electromagnetic properties are encapsulated in

the vacuum permittivity, or dielectric constant, ε0 and the vacuum permeability

µ0. The spatial dependence is separated into two parts: along the propagation

direction of the laser pulses, z, and transverse to it, r. The transverse dependence

can be expressed either in Cartesian coordinates (x, y) or in cylindrical coordinates

(r, θ). The constitutive equations (for a non-magnetic material) provide a connection

between the electromagnetic fields and the material response:

D = ε0E + P (E) and B = µ0H , (2.8)

where P (E) is the polarisation of the material, which is a function of the applied

electric field.

The polarisation can be a complicated and nonlinear function of the electric field

and it is generally represented as power series. The regime where a power series rep-

resentation converges is referred to as perturbative nonlinear optics. This expansion

in an isotropic medium with no constant (dc) polarisation term is written as:

P̃ (r, z, ω) = P̃
(1)

+ P̃
(2)

+ P̃
(3)

+ ...

= ε0

(
χ(1)(ω)Ẽ + χ(2)(ω)Ẽ ∗ Ẽ + χ(3)(ω)Ẽ ∗ Ẽ ∗ Ẽ + ...

)
,

(2.9)

where χ(n) is the nth order susceptibility and the higher-order polarisation terms

are convolutions (∗) of the electric field. In general χ(n) are tensors, which give the

8



Chapter 2: Propagation of ultrashort pulses

relation between the different components of the electric field and the electric induc-

tion, but for simple isotropic materials they are scalars. The material response to

the applied electric field, through the polarisation, governs what will happen when a

pulse propagates through the medium. The specifics depend on the material, but in

macroscopic theory this is encapsulated in the different susceptibilities. Quantities

connected to the material response can be derived quantum mechanically based on

the single-atom response, computed numerically using ab-initio methods or mea-

sured experimentally. Combining the linear polarisation with the vacuum electric

displacement allows to separate the nonlinear contribution to the polarisation from

the linear as:

D̃(r, z, ω) = ε0Ẽ(r, z, ω) + P̃ (r, z, ω) = ε0ε(ω)Ẽ(r, z, ω) + P̃ NL(r, z, ω), (2.10)

where the linear dependence of the polarization on the electric field is included in the

dielectric constant of the medium ε(ω) = 1+χ(1)(ω) and P̃ NL(r, z, ω) contains all of

the higher nonlinear orders of the nonlinear polarisation. Since there is a frequency

dependence in the induced polarization, this implies a finite time-response as well.

Maxwell’s equations combine to give the wave equation, which governs the propaga-

tion of an electric field in a medium, characterised by linear response function ε(τ)

and nonlinear polarisation P NL:

∇2E−∇
(
∇ · Ẽ

)
− 1

c2

∂2

∂t2

∫ t

−∞
ε(τ)E(r, z, t− τ)dτ = µ0

(
∂J

∂t
+
∂2P NL

∂t2

)
, (2.11)

where the convolution integral comes from the frequency dependence of the lin-

ear material polarization and c2 = 1
µ0ε0

. For a certain group of processes, called

parametric, the polarisation follows the applied field instantaneously. This is valid

for non-resonant processes in atomic gases, such as those investigated for the rest

of this thesis. The wave-equation is much simpler in the frequency domain if the

time-derivative of the free-charge current is formally merged with the nonlinear po-

larization as P nl = P ion + P NL, with J = ∂P ion

∂t
, and the electric field is assumed

9
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not to have a longitudinal component [22]:

∇2Ẽ(r, z, ω) + β2(ω)Ẽ(r, z, ω) = −µ0ω
2P̃

nl
(r, z, ω), (2.12)

where n(ω) =
√
ε(ω) is the refractive index of the material and β(ω) = ωn(ω)

c
is the

frequency-dependent propagation constant.

2.2 Medium response

When an electric field propagates through a medium, it causes the electron clouds of

the constituent particles of the medium to oscillate with respect to their heavier ion

cores, creating electric dipoles d. The polarisation of the medium is the combina-

tion of all of these microscopic dipoles averaged over the volume of interest P = ρd,

where ρ is the particle density in the medium. In linear optics, which is just an ap-

proximation of the case of weak electric field, the frequency of the dipole oscillations

is the same as that of the field, but when the strength of the incident electric field

increases this linear relationship does not hold anymore. When the electric field

strength is not too far off the linear case and the nonlinearity can be considered

as a small correction, a power series expansion of the kind (2.9) is possible. Some

media, like specific crystals, have a nonlinear polarisation containing both even and

odd orders in their power series expansion. In media like gases or glasses, the lowest

nonlinear contribution to the polarisation is the third-order P (3), also called Kerr

nonlinearity PKerr, and the power series expansion contains only odd orders of the

electric field.

To be able to further use the wave-equation to simulate pulse propagation, a model

for the material polarization, which can be expressed in terms of measurable medium

parameters, is needed. For example, measured linear refractive index dispersion

profiles in the form of Sellmeier-type equation coefficients [23, 24] and values for

higher-order susceptibilities [25] are available in the literature1. However, in gases

1[24] has been used for helium dispersion and [23] has been used for neon, argon and krypton
dispersion throughout this thesis
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the susceptibilities vary with pressure and temperature. Using the data found in the

literature, which is measured at a certain standard conditions (p0, T0), if the ideal

gas condition is satisfied, the susceptibility can be scaled to another pressure and

temperature (p, T ) using:

χ(n)

∣∣∣∣
p0,T0

−→
(
ρrχ

(n)
)∣∣∣∣
p,T

with ρr =
p

p0

T0

T
, (2.13)

where ρr is the gas density relative to the standard conditions.

The dielectric constant ε(ω), and consequently the susceptibilities, can be complex

quantities, with Kramers-Kronig relationship holding between the real and imagi-

nary pats [21]. Consequently, this translates to a complex refractive index. The

real part relates phase changes to electric fields propagating through the material

and the imaginary part is responsible for amplitude changes (such as loss or am-

plification). Because of this, dispersion is very small in regions between resonances

and sharply increases close to a material resonance. Most materials exhibit strong

dispersion in the ultraviolet spectral region, since this is where electronic resonances

in most materials lie.

Similarly to the Fourier transform of the pulse to the angular frequency domain,

the pulse can also be transformed from transverse coordinates r to wave-vector

β⊥ domain. Physically this means representing the beam as a superposition of

plane waves, propagating at different angles with respect to the propagation axis z.

This can be done either by using a two-dimensional Fourier transform in Cartesian

coordinates or Hankel transform in cylindrical coordinates for radially-symmetric

functions.

11
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a) b)

c) d)

e) f )

a.u. dB

800 nm

800 nm

800 nm

30 fs

30 fs

30 fs

Figure 2.1: Temporal and spectral evolution of a 30 fs pulse propagating in a non-
linear normally-dispersive medium: a), b) effect of dispersion alone—the pulse is
broadened in time, but its spectrum remains unchanged; c), d) effect of self-phase
modulation alone—the pulse spectrum changes and the pulse develops a chirp, but
the temporal shape remains unchanged; e), f) effect of self-phase modulation and
self-steepening—the pulse develops a steepened trailing edge in the time domain and
blue (higher frequency) spectral asymmetry. The time-domain dynamics are plotted
on a linear scale and the frequency-domain dynamics are plotted on a logarithmic
scale.

2.2.1 Linear response

The propagation constant can be expanded in a Taylor series around the pulse carrier

frequency ω0:

β(ω) =
∞∑
n=0

1

n!

dnβ

dωn

∣∣∣∣
ω0

(ω − ω0)n

= β(ω0) + β1(ω − ω0) +
1

2
β2(ω − ω0)2 +

1

6
β3(ω − ω0)3 + ...,

(2.14)

where βn = dnβ
dωn

∣∣
ω0

are the different dispersion orders. These different orders can be

associated with meaning: β(ω0) is the inverse of the phase velocity of the frequency

12
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ω0, β1 is the inverse of the group velocity at which a pulse with carrier frequency ω0

moves, β2 is the group velocity dispersion (GVD), which causes a broadband pulse

to broaden in time because of the different velocities of frequency components in

the pulse, and βn≥3 are higher-order dispersion terms, which lead to further pulse

distortions.

The GVD plays a very significant role in the propagation of ultrashort pulses, be-

cause it leads to pulse broadening whenever a transform-limited pulse propagates in

a dispersive medium. The broader the pulse spectrum is, the more it is affected by

dispersion, which could be seen from the frequency difference multiple (ω − ω0) to

every dispersion term. Practically, when working with pulses of duration of tens of

fs, this means that mostly reflection optics should be used rather than transmission

optics, in order to minimise pulse broadening. The GVD can be either positive,

called normal dispersion, or negative, called anomalous dispersion. In the absence

of nonlinear effects, both positive and negative β2 lead to similar broadening of the

pulse, however normal dispersion pushes lower frequencies to the front of the pulse

and higher frequencies to the back of the pulse, opposite to anomalous dispersion;

this is also called chirping. A pulse which has been broadened can be compressed

again to its original duration by applying dispersion of opposite sign. The effect of

GVD is shown in Figure 2.1 a) and b)—the pulse is broadened in the time domain

and remains unchanged in the frequency domain.

A Fourier-transform limit holds between the pulse duration in the time domain

and the pulse bandwidth in the spectral domain. For the full-width half-maximum

(FWHM) duration τFWHM and bandwidth νFWHM the transform-limit relation is:

τFWHM · νFWHM ≥ const. (2.15)

This constant depends on the pulse shape and it is 0.441 for a pulse with Gaussian

envelope and 0.315 for pulses with sech2 envelope. The equality is realised when

the pulse has a linear temporal phase (ϕ̈(t) = 0) and this is the shortest temporal

duration a pulse can have for a given bandwidth; any GVD or higher-order dispersion
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will increase the temporal duration. However, the full-width half-maximum is only

one of several possible meanings of “pulse duration”.

In addition to phase accumulation, pulses can experience attenuation during propa-

gation in the medium. The attenuation coefficient is related to the imaginary part of

the complex refractive index and its effect can be calculated with the Beer-Lambert

law:

P (ω, z) = P0(ω)e−α(ω)z, (2.16)

where P is the pulse power. The physical mechanism for the attenuation can be

different—for example material absorption, losses due to mode leakage in hollow-core

fibres, or ionisation losses.

2.2.2 Nonlinear χ(3) response

The nonlinear third-order polarisation

PKerr (r, z, t) = ε0χ
(3) [E (r, z, t) · E (r, z, t)] E (r, z, t) (2.17)

gives rise to a variety of different effects. In general, up to three different fields can

interact with each other to create a combined polarisation that generates a fourth

field. Interactions of this kind are called four-wave mixing (FWM). However, in a

χ(3)-nonlinear medium a single pulse at frequency ω0 can supply all of the three

interacting fields. This generates a polarisation that oscillates at a frequency 3ω0

(leading to third-harmonic generation, THG) as well as a polarisation oscillating

at the same frequency ω0. The polarisation at the fundamental frequency can be

combined with the linear polarisation:

P (r, z, t)
∣∣∣
ω0

= P L + PKerr
∣∣∣
ω0

= ε0

(
χ(1) +

3

4
χ(3)|E(r, z, t)|2

)
E(r, z, t), (2.18)
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where quantity in the brackets can be treated as an effective susceptibility, which

will give rise to an effective refractive index, with I = n0cε0
2
|E|2:

n(r, z, t) =
√

1 + χeff ≈ n0 + n2I(r, z, t) with n2 =
3

4

χ(3)

n2
0cε0

, (2.19)

n0 being the linear refractive index and n2 being referred to as nonlinear refractive

index. In most media, such as noble gases, n2 > 0. This new contribution to the

refractive index depends on the instantaneous pulse intensity in time and space, and

it is a mechanism for self-action—the pulse modifies the properties of the medium,

in which it is propagating, which then leads to the pulse experiencing these modifi-

cations. Additionally, when two pulses are propagating together in a χ(3)-medium,

one of the pulses can induce a modification to the refractive index of the other pulse.

For frequency-mixing processes, such as THG, specific phase-matching conditions

have to be satisfied, so usually when an experiment is not specifically designed to

study these effects, they will be negligible.

Self-phase modulation and self-steepening

Self-phase modulation (SPM) is the manifestation of the nonlinear refractive index

in the time domain. Since the nonlinear contribution to the refractive index depends

on the intensity of the pulse in time, the refractive index develops a time-dependence

which follows the pulse envelope. If considering the action of the nonlinear refractive

index n(r, z, t) in the time-domain, while ignoring dispersion, the propagated field

develops a time-varying instantaneous frequency:

E(r, L, t) = E(r, 0, t)e−iω0t−iϕ(t)e−iδω(t)t with δω(t) = −β0Ln2
∂I(t)

∂t
, (2.20)

which depends on the derivative of the pulse intensity. This is the effect known as

self-phase modulation—spectral broadening, generation of frequencies not present

previously, and chirping of the pulse due to the variation of the pulse’s own intensity

envelope. The instantaneous frequency shifts to lower (redder) frequencies on the

leading edge on the pulse and to higher (bluer) frequencies on the trailing edge of
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the pulse. This shift is nonlinear, but its central portion can be well approximated

as linear. This chirp does not lead to any effects on the pulse envelope if the pulse is

propagating in a non-dispersive medium2. The shorter the pulse is, the stronger the

gradient of the intensity is and the stronger the broadening. The effect of self-phase

modulation is shown in Figure 2.1 c) and d)—in the absence of dispersion it leads to

a spectral broadening, while the temporal envelope of the pulse remains unchanged.

In addition to SPM, the nonlinear refractive index leads to self-steepening of the

pulse. Since the group velocity depends on the refractive index, when propagating in

a nonlinear medium an ultrashort pulse experiences a different group velocity based

on its instantaneous intensity—the higher intensities at the peak of the pulse travel

slower than the weak leading and trailing wings. As a result the pulse peak is delayed

and a shock front on the trailing edge of the pulse is formed. This additionally affects

SPM, by creating a steeper intensity gradient on the back of the pulse and enhancing

the SPM blue-shift. This can be seen in Figure 2.1 e) and f)—the peak of the pulse

is delayed in the time domain and the trailing front is steepened, which results in a

blue-enhancement of the SPM-broadened spectrum.

Self-focusing

Self-focusing is the spatial manifestation of the nonlinear refractive index. The

high-intensity parts of a beam propagating in a Kerr medium, which are on- and

near-axis, experience a higher refractive index and travel at a lower speed than the

low-intensity wings of the beam. If the beam has a plane phase-front initially, such as

a collimated beam, the nonlinear refractive index will distort it and leads to focusing,

in the same way that a convex lens does. As the beam begins to focus, its intensity

increases, strengthening the effect of self-focusing, and it can overcome diffraction,

which acts to spread the beam as the beam size decreases. While diffraction would

eventually overcome and stop the self-focusing, usually the beam reaches ionising

intensities before this happens, leading to defocusing and damage that arrests the

self-focusing process.

2This is an idealisation, which can never happen in practice: all media, except vacuum, are
dispersive, but propagation in vacuum is not nonlinear.
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A parameter that is used to quantify the effect of self-focusing is the critical power.

This quantifies the power at which self-focusing overcomes the effect of diffraction

and the beam collapses. A value for the critical power for self-focusing is given by

[26]:

Pcr ≈
1.86λ2

4πn0n2

. (2.21)

This power has been derived for a cw laser source. However, for ultrashort pulses

both spatial and temporal self-modulation cannot generally be disentangled. In

these cases, the self-focusing power derived for a cw beam cannot be justifiably

migrated to the ultrashort case [27].

In the context of pulse propagation through a fibre, self-focusing is treated as cou-

pling of the light from the fundamental mode to higher-order modes [28]. This can

lead to a complicated exchange of energy between the different modes during the

propagation through the fibre.

Cross-phase modulation

When two different fields are propagating simultaneously in a Kerr medium, they

can interact with each other through cross-phase modulation (XPM). Usually the

two fields have different wavelengths, but they can be distinguished by another pa-

rameter, for example polarisation direction. In the case of two fields with intensities

I1 and I2 and different frequencies ω1 and ω2, XPM translates into another term in

the nonlinear refractive index experienced by a propagating pulse, which depends

on the intensity of the second pulse:

n(ω1) ≈ n0 + n2

(
I1

∣∣∣
ω1

+ 2I2

∣∣∣
ω2

)
, (2.22)

where I1 is the intensity of the pulse that experiences this refractive index, and

I2 is that of the second co-propagating pulse. The factor 2 makes the XPM more

prominent than SPM for the same intensity in the two pulses. A similar equation

can be written by the refractive index experienced by the second pulse, which would

then depend on the intensity of the first pulse as well. This interaction can be
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generalised to more than two co-propagating pulses, where every combination of

two pulses would interact with each other through XPM. Similarly to SPM, this

nonlinear refractive index leads to a phase-shift of the first field—red-shift during

the interaction at the leading edge of the second pulse and a blue-shift on the trailing

edge. While this interaction can be symmetric like SPM, in certain cases, when the

shifted part of the first pulse is propagating in a region with very different group

velocity than the not-yet-shifted part, it can temporally separate from the main

pulse and lead to an asymmetric interaction. In addition to a frequency shift, XPM

interactions can also transfer phase in the temporal and spatial domains. Cross-

phase modulation is a very interesting nonlinear phenomenon, which can be used

to control one weaker signal field by a more intense pump field and there have been

many interesting works on it in the recent years.

2.2.3 Ionisation

In addition to the perturbative nonlinear effects, the high peak power of ultrashort

pulses, which can be focused to achieve very high intensities, lead to ionisation of

the particles that make up the material through which the pulse is propagating. In

most cases efforts are made to avoid ionisation, and consequently breakdown and

damage, during the propagation of intense ultrashort pulses, especially in solids,

when not sought-after for material processing. During propagation in gases, a sig-

nificant fraction of the medium can be ionised, however because of recombination

the medium can recover its original properties on a ns- to µs-time scale [29].

For not too high laser intensities two limiting regimes for strong-field ionisation can

be distinguished: tunneling and multi-photon ionisation. Multi-photon ionisation

is similar to the photoelectric effect, however instead of a single photon, multiple

photons are absorbed simultaneously, such that their combined energy is enough to

exceed the electron binding energy Ip and free it. On the other hand, the concep-

tual picture of tunneling ionisation, is that the electric field of the pulse suppresses

the Coulomb potential, that binds the outer electron to the atom and creates a po-

tential barrier, through which the electron can tunnel. These different regimes are
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distinguished by the Keldysh parameter [30]:

γ =
ω

eE
√

2meIp, (2.23)

where Ip is the ionisation potential of the filling gas, e is the electron charge, me

the electron mass, and ω and E are the electric field frequency and amplitude. The

regimes of multi-photon and tunneling ionisation are distinguished as γ � 1 and

γ < 1. However, for values of γ close to 1, which is common for the types of

experiments shown in this thesis, there is no clear distinction between tunneling

and multi-photon ionisation.

A method for accounting for the effect of ionisation and propagation in weakly

ionised plasmas is given by [31]. An expression for P ion is obtained by combining

the relation of the polarisation as a macroscopic dipole moment average and the

equation of motion of a free electron in an electric field. This gives an expression

for the polarisation arising from the ionisation and plasma response:

Pion (r, z, t) = Ip

∫ t

−∞
dt′

∂tρe(r, z)

|E (r, z, t′)|
+

e2

m2
e

∫ t

−∞
dt′
∫ t′

−∞
dt′′ρe(r, z)E (r, z, t′′) ,

(2.24)

where ρe is the free-electron density, which can be calculated as:

ρe(r, z) = ρ0

(
1− exp

[
−
∫ t

−∞
dt′w (|E (r, z, t′) |)

])
, (2.25)

with ρ0 the initial neutral gas density, and w (|E(r, z, t′)|) the ionisation rate which

has a functional form:

w (t) = Pe−
4I

3/2
p

√
2me~

3eE . (2.26)

The exponent gives the dependence on the electric field strength and the prefactor

P is important to accurately estimate the ionisation rate. There are different models

to calculate the ionisation rate, which include different physical effects. For the sim-

ulations throughout this thesis the Perelomov, Popov, Terent’ev (PPT) ionisation

rate [32, 33] has been used, which gives excellent agreement with measurements for γ

around 1. In this formulation avalanche ionisation and collision effects are neglected.
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The recombination happens on time scales much longer than that of the pulse itself,

so it is assumed that there is no electron density before the pulse has started its

propagation, but the electron density created trough ionisation is constant after the

pulse.

Similarly to the Kerr polarisation, the ionisation polarisation gives rise to a correc-

tion of the refractive index:

n ≈ n0 + n2I −
ω2
p

2ω2
, (2.27)

with ω2
p = e2ρe

meε0
the plasma frequency. This addition to the refractive index can give

rise to a similar phase-shift as the one associated with SPM. However, in contrast

to the Kerr polarisation, which is instantaneous and so a pulse can experience both

the front and the back of the phase shift, the ionised particles does not recombine

instantaneously, and so the phase shift experienced by the pulse is asymmetric. Only

the positive slope of the phase shift is experienced, and this leads to the characteristic

blue-shift of pulses associated to propagation with ionisation.

2.3 Propagation in fibres

Fibres have been an advantageous platform for nonlinear optics since the 1980s [34].

This has, on one side, been due to the fact that fibres allow to separate the trans-

verse and longitudinal effects. The light propagating in the fibre is guided in the

fibre modes and does not experience diffraction, allowing to maintain high intensity

over long distances. And if care has been taken to couple the light into the fun-

damental fibre mode, this ensures an excellent spatial profile, even when the pulse

has experienced significant modification in the time domain. Fibres can be manu-

factured from different glasses, with different structures in the cladding and doped

with different elements, to engineer their attenuation, dispersion and nonlinearity

properties. Almost all different varieties of fibres have been used for nonlinear optic

experiments—telecom fibres, solid-core photonic-crystal fibres (PCF), hollow-core

PCF, anti-resonant fibres and simple unstructured hollow capillary fibres (HCF),
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some of which are shown in Figure 2.2 a)-c).

However, the materials used for nonlinear optics in fibres are different to those,

which can be used in free space. While in free space special nonlinear crystals with

non-zero χ(2) can be used, fibres are mostly restricted to glasses, gas or liquid filling,

where the first nonlinearity is χ(3). Additionally, the magnitude of gas and liquid

nonlinearity is a few orders of magnitude lower than that of bulk materials. The

advantage of using fibres then comes from the fact that the interaction length can be

significantly extended. A figure of merit that is often use to quantify the efficiency

of the nonlinear processes is IL, where I is the peak intensity of the pulse and L

is the pulse-medium interaction length [35]. This figure of merit can be related

to the B-integral, which quantifies the nonlinear phase shift experienced by pulse

propagating in a nonlinear medium with χ(3), but it is an approximation which

neglects any other dynamics that can happen. When propagating in free space light

experiences diffraction, which limits the length over which a tightly focused beam

can be maintained to the Rayleigh length zR =
πw2

0

λ
, where w0 is the beam waist, or

the beam radius at 1/e2-intensity, and λ is the pulse wavelength. If the intensities

and beam waists of the light in the fibre and in free space are approximately the

same (the spatial profiles for a beam propagating in free space and a fibre modal

profile are different, so for the same beam waists they will have slightly different

intensities), the ratio between this figure of merit is:

IL
∣∣
fibre

IL
∣∣
free−space

∝ λ

2πw2
0

Lfibre. (2.28)

For the parameters relevant to many nonlinear optic experiments, this can be eval-

uated to give orders of magnitude enhancement when using fibres compared to free

space. This enhancement is improved when working with very long fibre lengths

(because the straight-forward increase the interaction length) or with very small

beam sizes (because the Rayleigh length decreases).

21



Chapter 2: Propagation of ultrashort pulses

2.3.1 Modal decomposition

An electric field, very generally, can be expanded into a superposition of orthogonal

modes of the geometry of propagation. In free space these modes are plane waves,

and similarly a fibre also has its corresponding modes. The modal decomposition of

an arbitrary spatial field E (r, z, t) in fibre modes can be represented as [36]:

E (r, z, t) =

∫ +∞

−∞

dω

2π

∑
j

êj(r, ω)Ẽj(z, ω)e(−iωt), (2.29)

where Ẽj(z, ω) is the complex spectral mode amplitude and êj(r, ω) is the spatial

mode profile. The spatial profile of the hollow-core fibre modes in cylindrical geom-

etry can be analytically derived [37], to show that all three components of the mode

field are in general nonzero, but the longitudinal component is usually much weaker

than the transverse components, so it can be neglected. For linearly polarized input,

the field couples to the hybrid fibre modes EH1n, which are linearly polarized as well.

These modes have a transverse distribution, described by the Bessel function of the

first kind Jn−1(unm
r
a
), with unm being the m-th root of the (n − 1)-order Bessel-J

function. One of the big advantages of using fibres for nonlinear optics experiments,

is that a very uniform beam profile can be maintained over the entire interaction

length, if the input beam is properly coupled to the fundamental fibre mode. This

can be quantified by the overlap integral [38, 39]:

ηj =

∫∞
0

∫ 2π

0
rdrdθE (r) ê∗j(r)∫∞

0

∫ 2π

0
rdrdθ|E (r) |2

∫∞
0

∫ 2π

0
rdrdθ|êj(r)|2

, (2.30)

which is calculated in cylindrical coordinates. It can be numerically calculated that

a ratio of 0.64 between the input beam radius and the fibre core radius is required

for maximum coupling in the fundamental mode EH11 [39]. This ratio is based on

the maximum coupling to the fundamental mode, but a slightly higher ratio gives

a better discrimination between the part of the input field being coupled in the

fundamental to higher-order modes.

There is a significant physical difference between the guiding mechanisms in solid-
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and hollow-core fibres—while solid-core fibres guide light through total internal re-

flection, the guiding in hollow-core fibres, an example of a simple capillary fibre

cross-section shown in Figure 2.2 a), cannot be explained through total internal

reflection, because the refractive index of the core is less than the refractive index

of the cladding. However, reflections from the core-cladding interface can still lead

to efficient guiding, since the Fresnel reflection coefficient approaches unity as the

incidence angle gets closer to grazing incidence. This is the reason why hollow-core

fibres are intrinsically lossy, however less so for shorter wavelengths, which propagate

in the core at an angle closer to grazing incidence.

By introducing a micro-structure to the cladding further control over the propa-

gation losses and dispersion properties of the waveguide can be achieved. Adding

thin glass structures, usually with thickness of the order of hundreds nm, to form a

cladding provides lower losses and reduced sensitivity to bending compared to cap-

illary fibres with the same core size. Two possible structures, that have been used

for nonlinear fibre optic experiments are shown in Figure 2.2 b) and c)—these are

the kagomé photonic crystal fibre and the revolver-type anti-resonant fibre. While

the exact physical mechanism of the guidance in these fibres is still a subject of re-

search, one model treats the additional cladding as a Fabry-Perot etalon [40]. This

model allows to easily predict approximate wavelengths of the guidance resonances

present in these micro-structured fibres. While the exact function of the cladding

shape is still not clear [41], the addition of this structured cladding is very effective

at reducing the attenuation of small core hollow fibres.

2.3.2 Dispersion and loss of hollow capillary fibres

An analytical theory of the losses and propagation constant of hollow dielectric

waveguides was developed in Reference [37]. In the approximation that the wave-

length of light is much smaller than the fibre core radius, it is shown that the

attenuation constant α and the propagation constant β (axial component of the
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wavevector) of a gas-filled HCF take the form:

α ≈ 3
(unm

2π

)2 λ2

a3
+ αR

β =
ω

c

√
n2
gas(ω, p, T )−

(
unmλ

2πa

)2

≈ ω

c

{
1 + ρr

χ(ω)

2
− 1

2

(
unmλ

2πa

)2
}
,

(2.31)

where χ(ω) is the frequency dependent gas susceptibility, which is part of the Sell-

meier equation for the refractive index of the gas, measured for some gas pressure

and temperature p0 and T0, ρr is the gas density at pressure p and temperature T

relative to the standard conditions, and a is the fibre core radius. The numerical

factor in front of the equation for the attenuation constant is dependent on the

mode and it is 3 for HEnm modes (for silica cladding HCFs)3. αR is an additional

contribution to the attenuation constant of the fibre, due to bending of the fibre

axis and is proportional to a3

λ2R2 , where R is the radius of curvature. The capillary

losses decrease for increasing core radius and increase for increasing wavelength and

as the mode order increases. The bending losses increase dramatically for increased

core size. Bending losses have limited the length of HCF that could be used in the

past, but they can be reduced (or eliminated) by stretching the fibre [11].

The group velocity dispersion β2 = ∂2
ωβ of the HEnm modes of a gas-filled hollow

fibre as a function of wavelength can be calculated as4:

β2(λ) ≈ λ3

4πc2

(
ρr
∂2χ(ω)

∂λ2
− u2

nm

2π2a2

)
. (2.32)

The GVD profile of the medium where the ultrashort pulse is propagating is of

primary importance to the dynamics that it will experience, as it will be shown

in Chapter 6. The first term in this expression characterises the gas dispersion,

while the second term is the dispersion due to the capillary guidance. Similarly

to HCFs, the dispersion of kagomé fibres, used in many previous soliton-dynamics

experiments, has been shown to be very well modelled by the same relationship for

the propagation constant in its transmission windows, away from strand resonances

3The expression for α in [37] is a half of the α that goes in Beer-Lambert’s equation (2.16).
4Using ∂ω = − λ2

2πc∂λ
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[42]. While the gas dispersion is positive for all wavelengths of interest in the near-

infrared, visible and deep- and vacuum-ultraviolet, the waveguiding contribution to

the dispersion is negative. These two contributions to the dispersion of the gas-

filled hollow-core capillary fibre, as well as resulting the dispersion of the gas-filled

capillary fibre as a whole, are shown in Figure 2.2 d). The GVD of a gas-filled

capillary has two important properties, which are key for the experiments presented

later in this thesis: the dispersion of HCF decreases for increasing core radius (at

the same wavelength) and it can be tuned by changing the gas pressure.

Another important advantage is that in contrast to solid-core fibres, hollow-core

fibres are able to guide light in the UV without being damaged. In solid-core fibres

this is not possible because of glass absorption. In hollow-core fibres only a very

small part of the mode field is actually extending in the cladding [43]. This increases

their damage threshold to that of the filling gas, rather than the silica that makes up

the fibre walls. Additionally, by using atomic gas filling, this damage is reversible—

after ionisation the gas ions can recombine with the freed electrons and restore their

initial physical properties.

a) b) c)

d)

Figure 2.2: Structure of different fibres used for nonlinear optics: cross-section of a)
capillary fibre, b) kagomé photonic crystal fibre, and c) revolver-type anti-resonant
fibre. The glass wall making up the fibre core is shown in grey. An additional thin
glass structure can be added inside of this core, as in the case of the kagomé and
revolver-type fibres, forming a cladding. The inside of the fibre core is hollow and
can be filled with different gases or liquids. d) Dispersion of an evacuated (vacuum-
filled) capillary fibre with inner diameter of 250 µm, dispersion of free space filled
with 400 mbar helium. The combination of the gas and waveguiding dispersion terms
in Equation (2.32) leads to the dispersion of the gas-filled capillary fibre.
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2.4 Unidirectional pulse propagation equation

Although there exist a very rigorous model for the effects that occur during prop-

agation of a pulse in fibre, it needs to be solved numerically. Analytical solutions

exist only in a few cases, and where only one effect is considered and all other are

neglected. From the general form of the wave equation (2.11) or (2.12) a number of

different approximations can be made to derive equations that is more suitable for

numerical simulations. Most scientific works, where simulations are presented, give

a brief description of the used form of the propagation equation and the limits of its

validity.

A very general propagation equation suitable for numerical solution can be derived

using only one approximation—unidirectional (forward) propagation. This is known

as the unidirectional pulse propagation equation (UPPE) and it has been used for

all of the simulations presented in this thesis. This equation is expressed in spectral

domain as a set of coupled equations describing complex amplitudes. For propaga-

tion in fibre the full vector spatio-temporal electric field is expanded over the fibre

modes êj(r, ω) as in Equation (2.29) and transformed to the frequency domain to

obtain the complex modal spectral amplitudes Ej. For propagation in free space ei-

ther a Hankel transform or a 2-dimensional Fourier transform can be used to obtain

the spectral amplitudes corresponding to different plane wave components. Their

evolution with propagation can be solved by the coupled equations [44, 45]:

∂zEj(β⊥, ω, z) =

(
iβj(ω)− iω

v
− αj(ω)

2

)
Ej(β⊥, ω, z) + i

ω

4
P nl
j (β⊥, ω, z), (2.33)

where βj and αj are the mode propagation and attenuation constants, v is a reference

frame velocity (usually chosen as the group velocity of the pulse), r and β⊥ are in

cylindrical coordinates, and Pnl(ω, r, θ, z) is the Fourier transform of the full vector

and spatially resolved nonlinear polarisation. The nonlinear polarisation term is a

sum of the Kerr polarisation (in noble atomic gases) and the free-electron (plasma)

polarisation. The nonlinear Kerr polarisation term used is included as per Equation

(2.17), with the susceptibility scaled to the particle density used in experiments as in
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Equation (2.13). The ionisation and plasma response is included through Equations

(2.24) and (2.25) and the PPT ionisation rate is used.

The numerical code used in throughout this work has been initially written by Prof.

John Travers, and tested with respect to many different ultrafast nonlinear gas-

filled hollow-core fibre optic experiments since 2008, such as soliton self-compression,

ionisation-induced soliton blue-shift [46, 47], ionisation-induced pulse splitting [9],

multi-mode propagation and resonant dispersive-wave emission [45]. Raman effects

can also be accounted for when modelling molecular gases. This code was later

extended by Dr. Chris Brahms and is now available as open source [48]. The code

is used to solve the UPPE as described above and gives excellent agreement with

most experiments. However, there is disagreement in certain cases and one of the

aims of this thesis has been to investigate what gives rise to this disagreements.

It was found in Chapters 6 and 7 that this is usually due to not considering the

dynamics that the pulse might experience during its free-space focusing propagation

before being coupled into the fibre. The code has been thus extended by Dr. Chris

Brahms to also solve the UPPE not for modal spectral amplitudes, but for spatial

frequencies, which allows to model the propagation in free space. Chapter 6 of

this thesis studied the effects of self-focusing and ionisation in the case of high-

pressure gas-filling, where the pump pulse peak power exceeds the critical power

for self-focusing. Inside the fibre modal decomposition accounts for spatial effects

[28, 45], provided that enough modes are included in the modelling. This code

has been found to provide excellent agreement even when ionisation takes part

in the dynamics. However, it has to be taken into account that when the fibre-

propagation modelling predicts that there is significant (> 0.1%) ionisation fraction

at the input of the fibre, this points to ionisation already taking place even before

the pulse is coupled into the fibre. Chapter 7 studied the case of low-pressure

gas-filling used for generation of vaccum-ultraviolet radiation through soliton-effect

resonant dispersive-wave emission. In this case higher pump energy is needed to

reach the required nonlinearity for higher-order soliton formation and it was found

that this leads to intensities sufficient for ionisation even before the fibre input. This

27



Chapter 2: Propagation of ultrashort pulses

results in a decreased pump energy coupled into the fibre that is due to ionisation

losses and due to ionisation-defocusing reduced coupling efficiency. The difference

between the actual pump energy coupled in the fibre and the higher energy used

for modelling without taking into consideration the effects of free-space propagation

and ionisation, leads to the discrepancy between modelling and experiment in this

case.

2.5 Scaling rules in nonlinear optics

Often experiments explore a certain nonlinear process and attempt to find the opti-

mal conditions under which it occurs. This limits demonstrations to only a certain

small set of parameters. However, for applications it is important to be able to up-

or down-scale the demonstrated process to a different energy, for example. It has

been shown that nonlinear processes in gases, which scale as PNL ∝ ρ, where ρ is

the particle density, are scale-invariant—they can be scaled without changing their

qualitative characteristics [49]. As an example, Chapter 5 will show how soliton

dynamics in HCF can be up-scaled by orders of magnitude in energy while keeping

the dynamics unchanged.

The scaling is derived from the forward Maxwell equation, which can be obtained

from the unidirectional pulse propagation equation and has been experimentally ver-

ified in the context of filamentation and high-harmonic generation. In practice, the

same nonlinear evolution can be observed, for adequately adjusted longitudinal and

transverse scales, gas pressure and pulse input energy. The scaling of the different

quantities is summarized in Table 2.1.

Parameter Scaled parameter
Length z η2z
Transverse dimensions r ηr
Gas density ρ ρ

η2

Input energy Ein η2Ein

Output energy Eout η2Eout

Table 2.1: Scaling of the different parameters involved with nonlinear pulse propa-
gation in gas media; η is the scaling factor.
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From these scaling relations, no fundamental upper limit for up-scaling has been de-

termined, although there might be some limitations to down-scaling—for example, a

beam cannot be focused to a spot size smaller than the diffraction limit, experimen-

tal difficulties with detection can arise if using too low input energy, or accurately

control for very low gas pressures. Additionally these are theoretically derived scal-

ing conditions, and it is possible that some instabilities can arise in practice, since

scaling of sources is not perfect—extremely high-energy laser systems usually have

more structured temporal and spatial profiles than less powerful systems.
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Soliton effects in fibres

This chapter is devoted to soliton effects in fibres. Solitons are self-preserving non-

linear waves and are a fundamental physical concept, which manifests in many

different systems [50]. In nonlinear materials with positive nonlinearity (n2 > 0),

soliton waves form during propagation in anomalous dispersion. It was suggested

in the 1970s that solitons should exist in the anomalous dispersion region of opti-

cal fibers [51], which was later experimentally demonstrated [52]. After the initial

promise given to fundamental solitons as a means to increase the speed of infor-

mation transfer in fibers, it was quickly realized that there are many other effects

which prohibit the transfer of solitons over large distances without employing in-

creasingly complex and costly setups. As a result, currently soliton transmission of

information is still not extensively used in commercial telecom systems. However,

it has also been realized that soliton dynamics underlie the processes leading to

supercontinuum generation in optical fibers and lead to self-compression of pulses

and generation of dispersive waves at extreme wavelengths, specifically in the UV

spectral region [53].

While the original demonstrations of soliton dynamics on the platform of solid-core

telecom or micro-structured fibres have laid the foundation for further developments

in the field, they have been limited to low pump peak power (to avoid damaging

the fibres) and the rigidness of the fibre properties. Extending nonlinear and soli-

ton dynamics to hollow-core micro-structured fibres allows for greater tunability by
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means of filling gas species and gas pressure and higher damage threshold [5]. Even

further scaling of these effects is possible in large-core hollow capillary fibres [36],

as will be discussed in detail in Chapter 5. All of these developments have put

soliton dynamics in fibres in the toolbox of ultrafast laser scientists as a powerful

and versatile way to modify laser properties for a wide range of applications.

This chapter begins with a description of the formation and propagation dynamics

of solitons in optical fibres in Section 3.1. Section 3.2 deals with the practical case,

where pure soliton dynamics cannot be really observed—instead in real systems

solitons experience fission following an initial stage of self-compression. Section 3.3

discusses another very useful and ubiquitous aspect of soliton dynamics—the gen-

eration and interaction with partially ionised gases in the fibre during propagation.

Lastly Section 3.4 discusses some new results and applications of soliton dynamics

in gas-filled micro-structured fibres, particularly to spectroscopy and strong-field

physics.

3.1 Soliton formation in gas-filled hollow-core fi-

bres

Temporal solitons are an analytical solution to the nonlinear Schrödinger equation

(NLSE) in the case when the group-velocity dispersion is anomalous (β2 < 0):

∂E(z, τ)

∂z
+ i

β2

2

∂2E(z, τ)

∂τ 2
= iγ|E|2E(z, τ), (3.1)

where τ is the time in the reference frame (that travelling with the group velocity

of the pulse), γ = 2πn2

λAeff
is the fibre nonlinear constant and Aeff is the modal effective

area. The NLSE can be derived from the wave equation or the UPPE under a number

of significant approximations: slowly-varying envelope approximation, meaning that

the temporal envelope of the pulse varies much slower than the underlying carrier

field oscillations, negligible higher-order dispersion and nonlinear effects, no losses

and no ionisation. Indeed only the effect of GVD and SPM are considered. This
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form of the NLSE is for propagation in fibres, where the spatial and temporal effects

can be separated [35], which also means that all spatial effects are neglected and

the pulse is only propagating in one fibre mode (typically the fundamental). These

approximations do not hold in the majority of practical cases and especially for

ultrashort pulses with duration of a few or few tens of femtoseconds. The NLSE

can only somewhat accurately describe the dynamics of longer picosecond pulses.

However, it is still justified to speak about soliton dynamics for such short pump

pulses, because the initial stages of the pulse propagation follow the same principles.

From the NLSE two very important length scales can be derived—the dispersion

length Ld and the nonlinear length Lnl:

Ld =
τ 2

0

|β2|
and Lnl =

1

γP0

, (3.2)

where P0 is the peak power of the pulse and τ0 is the natural duration of the pulse,

which for a soliton-like sech2-shaped pulses is related to the FWHM duration as

τ0 = 0.567τFWHM [35]. These are the length scales over which the effect of GVD or

SPM, respectively, lead to significant modifications in the pulse. For example, Ld is

the distance after which the duration of a Gaussian pulse will increase by
√

2.

Solitons can relatively easily be observed in optical fibres, because spatial and tem-

poral dynamics can be isolated in many cases. The field propagates in well-defined

modes inside the fibre. Purely single-mode propagation is an approximation, because

the nonlinear polarisation always has some higher-order mode content, but unless

very high pulse energies or high gas pressures are used to initiate significant self-

focusing or ionisation, the transverse field profile will be approximately maintained

during propagation.

The soliton solutions to the NLSE can be derived either using the rigorous method of

inverse scattering transform [54], or semi-rigorously by using a localised travelling-

wave ansatz [50]1. Two kinds of solitons can be distinguished—fundamental (N = 1)

1In [54] and [50] the authors find the soliton solution to the spatial form of the NLSE, where
only diffraction and spatial Kerr effect (leading to self-focusing) are considered.
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and higher-order (N > 1) solitons, where N is the soliton order, given by:

N2 =
Ld

Lnl

=
τ 2

0 γP0

|β2|
. (3.3)

The fundamental solitons have a hyperbolic-secant envelope shape and a power-

dependent phase:

E(τ, z) =
√
P0 sech

(
τ

τ0

)
e
iγP0

2
z. (3.4)

The peak power P0 and the temporal duration τ0 are related to each other through

the condition for the soliton order N = 1. Physically, the fundamental soliton

forms when the chirping due to SPM (which acts on a pulse similarly to normal

dispersion for n2 > 0) is compensated by anomalous dispersion continuously during

the propagation of the pulse. This causes their temporal and spectral shape to be

maintained during propagation, as can be seen from Figure 3.1 a) and b).

Higher-order solitons, on the other hand, have very interesting dynamical behaviour—

they change in a periodic way during their propagation, returning to their original

temporal and spectral profile, while acquiring a constant nonlinear phase. The

distance over which this happens is the soliton period zsol. There is a fundamen-

tal pattern of their evolution, regardless of the differences arising from the soliton

order—the pulse initially undergoes self-compression, then broadens and compresses

again before returning to its original shape [55]. This is shown in Figure 3.1 c) and

d) for a soliton of order N = 4. While the soliton period zsol = π
2
Ld, does not depend

on the soliton order (if Ld is fixed), the distance for maximum self-compression gets

shorter for higher soliton orders. This cycle could continue indefinitely if the soliton

is not perturbed. The evolution of higher-order soliton self-compression can be un-

derstood in the isolated case, where there are no perturbations and the high-order

soliton oscillates continuously along the fiber with its characteristic soliton period.

Starting with a transform-limited unchirped pulse, in the beginning self-phase mod-

ulation dominates, leading to broadening and chirping of the pulse. However, as

the bandwidth of the pulse gets broader, dispersion effects start to become more

pronounced, and they start to oppose the chirping due to SPM, causing the pulse
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to compress. However, in this initial stage there is residual positive chirp, caused

by the SPM. At the point of maximum self-compression SPM-induced chirp is com-

pletely compensated by the anomalous fiber dispersion, but the bandwidth of the

pulse is so broad that dispersion still has a major effect, leading to the onset of

self-decompression, which is characterized by a negative chirp. The action of SPM

on the negatively chirped pulse at this point is to decrease the bandwidth. In this

ideal case, at the point of maximum self-compression, when the pulse is the shortest

and its bandwidth the broadest, the pulse is transform-limited [56].

a.
u

.

a) b)

c) d)

30 fs

30 fs

800 nm

800 nm

Figure 3.1: Propagation dynamics and soliton formation by a 30 fs duration pulse
in a fibre with SPM, dispersion expansion up to β2 and no loss: a), b) spectral
and temporal dynamics of a fundamental soliton; c) and d) spectral and temporal
dynamics of a higher-order N = 4 soliton over one soliton period.

It should be noted that the effects described for the rest of this thesis correspond

to perturbed soliton dynamics. The initial part of the ultrashort pulse evolution

can be explained by the formation and subsequent break-up due to perturbation of

soliton-like waves, but pure soliton dynamics in the sense of the fundamental and

higher-order solitons, shown in Figure 3.1, are not observed.
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3.2 Soliton-effect self-compression and resonant

dispersive-wave emission

These pure soliton dynamics are due to GVD and SPM only. In real physical systems

higher-order nonlinearities and higher-order dispersion are present, and they can

perturb the soliton, causing fission [57]. This happens usually near the point of

maximum self-compression, because then the pulse is the shortest and its spectrum

the broadest. This fission length is given approximately as [53]:

Lfiss =
Ld

N
. (3.5)

Because the perturbations affect shorter and spectrally broader pulses more, the

characteristic soliton periodic propagation is not observed experimentally for hun-

dred femtosecond input pulses, but rather a breakup into N fundamental solitons

after the initial self-compression [58]. However, perturbed soliton dynamics underlie

a wide range of practically important nonlinear pulse modifications, such as extreme

pulse self-compression [59–62], the formation of white-light supercontinua [53], and

the efficient generation of frequency-tunable pulses through resonant dispersive-wave

(RDW) emission [8, 24, 60, 61, 63, 64]. The fission length is the characteristic length

for these soliton dynamics. At that length-scale both soliton self-compression and

RDW emission can be observed.

The duration of the self-compressed pulses for very large range of soliton orders

(N = 1.1− 40) has been numerically found to scale as [56]:

Fc = 4.58N and Qc =
3.704

N
, (3.6)

where Fc is the compression factor, the ratio of the duration of the compressed pulse

to that of the initial pulse, and Qc is the compression quality, the ratio of energy

within τFWHM of the compressed pulse versus the energy contained in τFWHM of

the duration of the initial pulse. However, this numerical analysis was done using

the NLSE which, as noted before, includes a lot of approximations not justified
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for few-femtosecond input pulses. Another limit to the soliton order is the onset

of modulation instability [53], limiting the soliton order for which clean soliton

dynamics can be observed up to N . 15. These expressions show that while the

higher soliton orders lead to shorter compressed pulses, less of the total energy in

the pulses is actually contained in the self-compressed peak. There is also a weak

dependence of the compression factor on the position of the pump pulse central

wavelength with respect to the zero-dispersion wavelength (ZDW) of the fibre (the

wavelength where the GVD of the fibre is zero) [5].

At the fission point, when the soliton is self-compressed to the shortest duration and

its spectrum is the broadest, a transfer of energy to a phase-matched linear wave can

occur [65]. This is known as resonant dispersive-wave emission, and its frequency

satisfies a momentum conservation condition:

β(ω) = βsol(ω), (3.7)

where the soliton propagation constant βsol is:

βsol(ω) = β(ωsol) + β1(ωsol)[ω − ωsol] +
γP0

2
, (3.8)

with ωsol being the carrier frequency of the soliotn. This phase-matching condition,

and subsequently the RDW emission wavelength, can be changed either with the

dispersion of the gas-filled hollow-core fibre, which is tunable with gas pressure for

fixed fiber parameters, or with the soliton peak power, which is tunable with the

input pulse energy and duration.

The dispersive-wave amplitude was found to depend exponentially on the overlap

with the pump pulse spectrum [65]. This is why some higher-order nonlinear effects

can have adverse or beneficial effects on the dispersive-wave amplitude. For example,

it was reported that self-steepening, which enhances the blue part of the spectrum,

improves the efficiency of the UV dispersive-wave emission [61] by increasing the

overlap with the blue extension of the soliton spectrum. Also plasma blue-shift can

increase the efficiency of dispersive-wave emission, because it increases the overlap
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between the blue-shifted soliton and the dispersive wave [24]. On the other hand, it is

also reported that Raman self-frequency red-shift leads to a decrease of the efficiency

of dispersive-wave generation, because it shifts the soliton to longer wavelengths,

decreasing the overlap with the dispersive wave [66]. Transfer of energy from the

self-compressed soliton to the RDW saturates after the initial generation, because

the RDW lags behind due to group-velocity walk-off from the soliton [8]. All of these

dynamics can also be viewed in the frequency domain and explained as cascaded

four-wave mixing processes [67].

Figure 3.2 shows the dynamics of 10 fs duration, 950 µJ pump pulses propagating in a

3 m-long, 125 µm core radius HCF filled with 400 mbar of helium, which corresponds

to the experiments presented in Chapter 5. These parameters correspond to soliton

order N = 4. However, the simulations include perturbing effects: higher-order

dispersion in Figure 3.2 a) and b), and additionally self-steepening in Figure 3.2 c)

and d). It can be seen that the perfect periodic evolution of higher-order solitons

does not take place, and instead the pulse breaks up after the initial self-compression.

In addition a narrow-band RDW is emitted at 140 nm. Due to self-steepening, there

is a significant blue asymmetry in the spectrum of Figure 3.2 c) compared to Figure

3.2 a). This is accompanied with more efficient transfer of energy to the RDW and

slight shift of the emission wavelength to 130 nm. Additional differences can be seen

in the time domain, where the self-steepening has led to the creation of a steeper

front on the trailing edge (positive delays) of the self-compressed pulse after ∼ 1 m

in Figure 3.2 d) compared to Figure 3.2 b).

3.3 Soliton-plasma interactions

Ionisation is a very common part of soliton dynamics in gas-filled hollow-core fibres,

especially in the cases where the filling gas pressure is low, and respectively the ZDW

is at lower wavelengths, because higher pulse energies are needed to obtain similar

soliton orders. The first observations of ionisation-induced effects have shown the

characteristic soliton blue-shift [68, 69]. Different subtleties in the dynamics have
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a) b)

c) d)

800 nm

800 nm

10 fs

10 fs

Figure 3.2: Perturbed soliton dynamics of a 10 fs duration, 950 µJ pulse in a 3 m-
long 125 µm core radius loss-less HCF filled with 400 mbar helium (corresponding
to soliton order N = 4): a) and b) spectral and temporal dynamics with SPM and
full dispersion; c) and d) spectral and temporal dynamics with SPM, full dispersion
and self-steepening.

been studied as a function of the soliton order, distinguishing between low [47, 70,

71], moderate [72] and higher soliton order [73]. In these previous works low soliton

order has been associated with adiabatic blue-shifting, similar to the discussion in

Section 2.2.3, moderate soliton order has been associated with ionisation-induced

pulse splitting, and much higher soliton orders have been attributed to ionisation-

induced modulation instability.

Figure 3.3 shows two different cases of ionisation-influenced soliton dynamics in

helium-filled HCF. The fibre parameters are the same as those shown in Figure 3.2.

However, the propagation simulations include the effect of ionisation (using the PPT

ionisation rate). Two different pulse energies are shown—540 µJ, corresponding to

soliton order N = 3 and 950 µJ, corresponding to soliton order N = 4. The pulse

with soliton order N = 3, shown in Figure 3.3 a) and b), does not have sufficient

peak power to ionise the gas and create plasma when it is initially coupled into

the fibre. Close to the fission length, as the pulse undergoes self-compression, its

peak power increases and it starts to ionise some of the helium atoms. Increasing
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the pulse energy, such that the soliton order becomes N = 4 in Figure 3.3 c) and

d), the pulse splits into two pulses before it reaches its self-compression point. The

two pulses then self-compress separately at different positions in the fibre, and their

interference can be seen in the spectral domain, where fringes appear in the visible

spectral region. Pulses propagating in a fibre can cause photoionisation even for a

prolonged length. In Figure 3.3, there is significant ionisation over a metre for the

N = 3 soliton case and over almost the entire propagation for the N = 4 soliton

case. The ionisation fraction varies along the fibre and it peaks near the point of

maximum soliton self-compression, becoming part of the pulse evolution dynamics.

Another interesting thing to note is that the RDW emission wavelength red-shifts to

∼ 150 nm—this is consistent with the RDW wavelength and the soliton wavelength

being anti-correlated in the phase-matching relation (3.7).

Ion. fraction (%)

a) b) c)

d) e) f )

800 nm

800 nm

10 fs

10 fs

Figure 3.3: Propagation dynamics of perturbed soliton dynamics including ionisa-
tion of a 10 fs duration pulse in a 3 m-long 125 µm core radius loss-less HCF filled
with 400 mbar Helium : a) and b) spectral and temporal dynamics for pulse en-
ergy 540 µJ, corresponding to soliton order N = 3; c) and d) spectral and temporal
dynamics for pulse energy 950 µJ, corresponding to soliton order N = 4.

These effects all originate from ionisation dynamics that occur only during the prop-

agation of a single pump pulse along the fibre. As lasers emit a train of pulses, this

requires all of the electrons created from a previous pulse to have recombined with

an ion before the arrival of the pulse of interest. When using laser sources operat-
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ing at kHz repetition rates collision and plasma build-up can be neglected, because

recombination happens on faster time scales. However these and other effects need

to be taken into account when using higher (MHz) repetition-rate lasers to pump

soliton dynamics and they have been receiving more attention recently [74, 75].

3.4 Application of soliton sources and review of

related recent research in micro-structured fi-

bres

Despite the rich possibilities to modify laser pulses through soliton dynamics in gas-

filled fibres, there are still very few applications that use them as secondary sources.

This is because hollow-core PCFs are not a well-established commercial technol-

ogy yet and using them for applications requires collaboration with one of only few

research groups in the world that have the capabilities to produce such fibres. Ap-

plications are based mainly on the use of self-compression to single-cycle pulses or

RDW emission in the UV, particularly as drivers for strong-field experiments or for

time-resolved spectroscopy. The few demonstrations of proof-of-principle applica-

tions using soliton dynamics have shown they are promising for supplementing more

traditional sources, as well as offer unique new capabilities. In addition, the study

of soliton dynamics and their implementation in different systems, such as higher

repetition rate or higher energy, continues.

A major potential application of pulses compressed through soliton self-compression

is in strong-field experiments. Single-cycle pulses, with sufficient energy, have been

produced and used as a driver in a typical strong-field physics experiment of above-

threshold ionisation in xenon [76]. In this proof-of-principle work, 1.8 µm, 80 fs

pulses were compressed to 4.5 fs with output energy of ∼ 35 µJ. Additionally, it

was shown that the carrier-envelope phase (CEP) stability of the pump source is

maintained during the self-compression process. CEP stability is crucial for many

strong-field experiments, since they depend on the electric field rather than the inten-
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sity. Higher-repetition-rate systems can also be used to increase the aquisition rate

of certain applications and experiments. Consequently, CEP-stable high-repetition-

rate soliton self-compression systems were demonstrated—pulse trains at 800 kHz,

800 nm have been compressed down to 4.4 fs at 1 µJ energy level [77]. Another

work demonstrating high-repetition-rate CEP-stable soliton self-compression pro-

duced 60 µJ single-cycle, 14.5 fs, pulses and repetition rate of 160 kHz, starting from

97 fs-long pulses at 3.2 µm [78]. The self-compressed pulses from this source were

then used to pump difference frequency process in BaGa2GeSe6 to generate a 7-

octave spanning supercontinuum, covering the spectral range from 340 nm to 40 µm

[79]. Even further repetition-rate scaling and 100-fold compression was demon-

strated using a 9.6 MHz ytterbium fibre laser, starting from 340 fs input pulses to

output pulse duration of 3.4 fs [80]. These high-repetition-rate systems usually em-

ploy a two-stage setup, where in the first stage a gas-filled HC-PCF is used just for

spectral broadening through SPM and then compressed by external optics such as

chirped mirrors. These shortened pulses are then used for soliton self-compression

in the second HC-PCF stage.

On the other side, RDW emission offers an efficient and tunable way of generation

radiation in the UV spectral region, which is difficult for traditional frequency-

conversion schemes. In Ref. [81] RDW pulses were applied to time-resolved angle-

resolved photo-emission spectroscopy (TR-ARPES), which is a spectroscopy method

used to study the electron structure of solids. In this case, 145 nm RDWs were used

to study the band structure of the topological insulator Bi2Se3. Using a soliton-based

source instead of high-harmonic generation (HHG) has produced the same photon

flux, however by using three orders of magnitude lower input energies. Additionally,

the short duration of the RDW pulses (∼ 3 fs in this work) and the easy wavelength

tunability, simply with gas pressure, make this source very attractive for ARPES

experiments. Similarly, in Ref. [82] the authors used a RDW-source for ultrafast

pump-probe molecular spectroscopy, in a proof-of-principle experiment measuring

time-resolved dynamical processes in styrene molecules. The pump beam was gener-

ated in a 17 cm-long HC-PCF, filled with argon. Being pumped with 2.2 µJ, ∼ 55 fs

41



Chapter 3: Soliton effects in fibres

pulses from a commercial Ti:Sapphire laser system, the generated RDW has a wave-

length of 250 nm and energy of ∼ 50 nJ (2-3 % percent efficiency). The probe beam

has been derived as a third harmonic of the Ti:Sapphire laser. This setup has the

advantage of being compact and easy to incorporated into existing setups to offer

wavelength tunability. The long-term stability of the soliton-based source has been

excellent over 4 h of data aquisition. The experimental temporal resolution in this

setup has been limited by the longer probe pulses, and if a second RDW-source can

be used to replace the probe beam, that would give better temporal and energy

resolution. The generation of RDW at MHz repetition rates was shown by [72],

where pumping by 2 MHz fibre laser was used to generate DUV RDW with up to

1 µJ energy and up to 8 % conversion efficiency.

The migration of soliton dynamics to HCF is the topic of the rest of this thesis. The

use of larger-core capillary fibres has allowed the increase of energy of the dynamics

demonstrated in HC-PCF and other micro-structured fibres by orders of magnitude.

The implementation of HCF-based sources for driving other experiments is currently

underway in a number of different groups.
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Experimental methods

This chapter describes the experimental setup and the characterisation methods

that have been used for the experiments described in this thesis. First, the laser

system that has been used is described in Section 4.1 and the post-compressor used to

shorten the pump pulses, is discussed in Section 4.2. The HCF setup used to observe

soliton dynamics and other nonlinear effects, is described in Section 4.3. The setup

for delivering gas or vacuum to both the soliton stage and the compressor stage is

described in Section 4.4. Finally Section 4.5 deals with the different methods that

have been used for temporal and spectral characterisation of the obtained radiation.

4.1 Laser system

The pump laser is fundamental to the following experiments, as its properties affect

and determine all the other observable effects. We use a commercial high-power

laser system from Coherent, which consists of a chain of a Ti:Sapphire oscillator

and amplifier stage, producing ∼ 30 fs, 800 nm pulses at 1 kHz repetition rate.

The oscillator (Vitara, Coherent) produces a train of pulses through intra-cavity

dispersion compensated Kerr-lens mode-locking at 80 MHz. It is pumped by an inte-

grated intra-cavity frequency-doubled Nd:YAG laser, with automated beam steering

for output stability. The generated pulses can have a duration ∼ 12 fs and band-

width ∼ 125 nm. The central wavelength as well as the lasing bandwidth can be
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adjusted by changing the distance between the dispersion compensating prisms and

a slit in the cavity. There is an automatic mode-locking initiation by a piezoelectric

movable mirror. The oscillator is an automatic system, requiring no more than slit

and prism adjustment for tuning the bandwidth and center wavelength very occa-

sionally. After the oscillator, the laser beam goes through a spectral shaping filter

(SSF). Its purpose is to filter the spectrum of the pulses from the oscillator accord-

ingly, so that it compensates for the gain-narrowing from the amplifier [83]. This is

achieved by a filter which attenuates the central part of the spectrum. The central

wavelength can be adjusted by rotating the filter incident angle. The magnitude

of the transmission dip can be varied by changing the orientation of the filter with

respect to the beam polarization.

The amplifier stage uses chirped-pulse amplification (CPA) technology in combina-

tion with an regenerative amplifier and a single-pass amplifier (Legend Elite Duo

USX, Coherent). First the pulses are stretched to approximately 100 ps by a single-

grating stretcher. Then a pulse is selected at a 1 kHz rate by a Pockels cell to be

amplified in a regenerative amplifier. Finally the pulse is amplified in a single-pass

amplifier stage. These two amplification stages are pumped by an integrated diode-

pumped, Q-switched, intra-cavity doubled Nd:YLF laser at 527 nm (Revolution,

Coherent). Then the pulse is sent through a compressor, which brings the pulse to

approximately its transform-limited duration. A very good mode quality is achieved

with M2 ≈ 1.3. As a result from this amplification stage, 26 fs pulses, with 8 mJ

per pulse at 1 kHz repetition rate are available. The beam is linearly horizontally

polarised. After the amplifier the beam is split into different lines, with up to 3.5 mJ

available on the line at which the following experiments are performed.

4.2 Pulse compression stage

While the laser system is able to deliver pulses with durations of 26 fs, shorter pulses

are required for the following experiments. This necessitates an additional pulse

compression stage. Over the past 20 years, the most commonly used compression
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systems for high-energy pulses has been the use of spectral broadening in gas-filled

HCFs, followed by compression by external optics [84–86]. The advantages of these

systems include that very spatially uniform self-phase modulation can be achieved

if the input light is coupled into the fundamental mode of the HCF and very high

energies can be handled due to the low ionization threshold of the gases, used as

nonlinear medium. Such compressor setups can be extremely optimized, producing

4 fs pulses with 3 mJ energy [87] or 10 fs pulses with energies as high as 5 mJ [88].

This is an extremely useful technology for compression of high-energy pulses down

to few-cycle regime, however it is limited by the finite bandwidth of the chirped

mirrors used, which are not able to support pulses much shorter than ∼ 4 fs.

Multiple studies discuss the optimal conditions for spectral broadening in SPM com-

pressors [89–91] and put forward the following considerations when designing such

a system—since both self-phase modulation and self-focusing arise from the third-

order nonlinearity, care should be taken to avoid self-focusing, because it worsens

the coupling to the fundamental fiber mode; ionization of the gas should be avoided,

because it leads to losses, deteriorates the spatial beam quality and affects the SPM

broadening; in the past, it was not possible to use long lengths of fiber, because of

the technical difficulty of keeping them straight enough to reduce bending losses,

and often rigid HCFs were used. However, nowadays the last requirement is ob-

solete, through the fiber-stretching technique [11], which allows longer HCF to be

used, whilst keeping the theoretical minimum loss.

These requirements stem from the fact that producing the broadest spectrum does

not necessarily correspond to producing a pulse with clean temporal profile and

with majority of the pulse energy within the central pulse peak [91]. Plasma effects

lead to temporal structure in the compressed pulse, while self-focusing deteriorates

the spatial quality of the beam. It was additionally found that moderate normal

dispersion is needed for optimal compression, because it linearises the SPM chirp

and allows for higher-quality pulse compression [89]. Additionally, to up-scale the

input pulse energy capabilities of hollow capillary compressors, a pressure gradient

can be applied [88] or circular polarization of the input pulses can be used [87].
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The pulse compressor setup used for the following experiments in this thesis is

schematically shown in Figure 4.1. A half-wave plate (HWP) and a thin-film po-

lariser (TFP) are used to control the energy of the pulses coming from the laser

system. The laser beam is then focused in a gas cell, where a stretched HCF is

placed, using a spherical mirror with focal length of 2.5 m. An active beam-pointing

stabilization system is employed at the input of the fibre, which helps stabilize the

output power and prolong the lifetime of the fiber by compensating beam positioning

fluctuations at the input of the HCF [92, 93]. The pulses are then broadened through

SPM in the 1.7 m-long HCF with inner diameter of 450 µm, filled with helium. The

gas pressure can be varied to control the extent of the spectral broadening, and

correspondingly the output pulse duration. When the HCF is filled with ∼ 2.3 bar

of helium this produces enough spectral broadening to allow compression of the

pulses to ∼ 10 fs. The fiber coupling is 74%, which is lower than the theoretical

maximum transmission, and can be due to imperfect Gaussian profile of the laser

beam [94]. The output of the fiber is collimated by another spherical mirror of focal

length 2.5 m and then compressed by 12 reflections off double-angle chirped mir-

rors (PC70, Ultrafast Innovations) and fine-tuned with a pair of fused silica wedges

(Femtolasers). Double-angle chirped mirrors are used, since this technology provides

a smoother GDD curve of these mirrors, by using them paired at different angles

of incidence (in our case 5◦ and 19◦) [95]. When the HCF is evacuated and the

wedges are tuned accordingly, the initial laser pulses can be transmitted through

this stage without any compression, and shorter pulses can be obtained by using

helium pressure higher than > 2.3 bar [96]. A broadband variable attenuator based

on a HWP and Brewster-angle reflection from a silicon plate is used to adjust the

pump energy that is delivered for following experiments.

The compressed pulses are temporally characterised by multi-shot second-harmonic

generation frequency-resolved optical gating (SHG-FROG), which will be discussed

in more detail in a following section. The resulting pulse has a full-width half-

maximum duration of ∼ 10 fs and ∼ 80% of the pulse energy is contained within

the compressed peak. The remaining part of the pulse energy is not properly com-
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wedges

12x double-angle chirped mirrors

1.7 m, inner ⌀ 450 μm, 0-2.3 bar He

TFP HWP

HWPSi plate

30 fs @800 nm, up to 3mJ

10-30 fs, up to 1mJ

to soliton stage

FROG

Figure 4.1: Pulse-compression stage, based on spectral broadening in a helium-filled
HCF and post-compression with chirped mirrors and fused silica wedges.

pressed, manifested in a spiky remnant in the pump spectrum, which however does

not play a role in subsequent nonlinear dynamics.

4.3 Soliton stage

Following the compressor stage, the pulses are coupled into a second HCF, where

soliton dynamics and other nonlinear effects are observed. A schematic of this part

of the setup is shown in Figure 4.2. The beam coming from the compressor stage

is focused by a spherical mirror with focal length f = 1 m and directed to the gas

cell where a 3 m-long stretched HCF with 125 µm inner radius is mounted. The

minimum amount of transmission optics needs to be used in this part of the setup

in order to deliver transform-limited pulses inside the HCF. This is another reason

why the input energy is controlled by a Brewster-angle reflection from a silicon

plate as a polarizer—while the reflection of the silicon plate at this angle is only

∼ 70%, it is dispersion-free. The coupling efficiency to this fibre is 60–70%, and its

linear transmission is 65% at 800 nm for the length used. Given there is a passive

stabilisation of the beam after the compressor stage, having a lower beam-pointing

instability and a better spatial mode after propagation in the HCF, there is no active

stabilisation for the soliton stage.

The pump power coupled in the second stage is controlled through a variable atten-
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from compressor stage

3 m, inner ⌀ 250 μm
10-30 fs, up to 1mJ

to diagnostics

Figure 4.2: Soliton stage, used to observe soliton dynamics in gas-filled hollow-core
capillaries.

uator made up of a half-wave plate and polariser. The HWP rotates the polarisation

of the incoming beam and the polariser selects the vertical linear polarisation com-

ponent. The result is Malus-like transmission, depending on the rotation angle of

the HWP (θ):

E(θ) ∝ E0cos2(θ − θ0) (4.1)

where E0 is the energy before the attenuator, θ is the absolute angle of the HWP

and θ0 is a reference angle depending on the mounting of the HWP. This is shown in

Figure 4.3. Figure 4.3 a) shows how the energy after the variable attenuator depends

on the HWP angle and it is fitted to Equation (4.1). The relationship between the

transmitted energy and a degree of HWP rotation is nonlinear—near its extrema

the pump energy after the attenuator varies less for a unit rotation of the HWP.

Figure 4.3 b) shows the vacuum transmission out of the soliton stage as a function

of the input energy, or the HWP angle respectively. It is a linear function, from

which the total transmission of the soliton stage can be estimated to be 37 %.

The gas cells where the soliton HCF is mounted can be directly connected to a

vacuum chamber, where a VUV spectrometer is located. It is also possible to sep-

arate the capillary cells from the spectrometer chamber by inserting a magnesium

fluoride (MgF2) window between them, but this setup can be used when measuring

wavelength longer than 130 nm, because of the window material absorption. The

VUV spectrometer can be bypassed by shifting the grating and the input slit out

of the beam path. This allows the output of the soliton stage HCF to pass through

our vacuum system, either through a 2 mm fused silica or 1 mm MgF2 output win-

dow, to be measured in atmosphere with an integrating sphere coupled to a DUV to

NIR CCD based spectrometer (BLACK-Comet, StellarNet Inc.), a camera for beam
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profiling, calibrated powermeters, or two different FROG setups.

a) b)

Figure 4.3: Input and output energy budgets for the soliton stage: a) input energy
as a function of HWP angle, b) vacuum transmission out of the soliton stage as a
function of input energy (respectively HWP rotation angle).

4.4 Gas delivery and vacuum

The gas cells holding the compressor and soliton-stage HCFs as well as the VUV

spectrometer chamber need to be both evacuated and filled with gas at different

stages of the experiment. In the gas cells, moderate vacuum down to 1× 10−3 mbar

and gas pressure up to several atmospheres is required. The VUV spectrometer has

to be evacuated to high vacuum (1 × 10−7 mbar) to avoid absorption of the VUV

radiation. Additionally, excellent gas purity needs to be maintained, especially when

working with radiation in the VUV. Gas contamination leads to absorption of the

generated radiation and can also cause degradation of the gratings in the VUV

spectrometer over time.

A schematic of the vacuum and pressure delivery system is shown in Figure 4.4.

Gas bottles are connected to a regulator and their pressure set to ∼ 20 bar for

helium and to ∼ 10 bar for other gases, such as neon, argon and krypton. Up to

two different gases are connected at a time and their pressurised lines are opened

and closed with valves V1 and V2. While V1 and V2 are kept closed, V3, V4 and

V5 can be opened to evacuate the compressor stage to a medium vacuum, using

the roughing scroll pump RSP1 (nXDS15i, Edwards Vacuum). The gas cells of the

compressor stage can be filled with gas by opening V5 and feeding through V1 or

V2. The pressure in the compressor stage is monitored by gauge G1 (P-30, Wika),
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which has a measurement range from ∼ 1 mbar to 25 bar with accuracy of 0.1%

its full range and a response time of 1 ms. The gas cells of the soliton stage can

be similarly filled with gas by opening V3 and V6 and feeding though V1 or V2.

However, if the soliton stage is directly connected to the VUV spectrometer vacuum

chamber, special care is taken to never exceed atmospheric pressure. Otherwise, the

maximum gas pressure is constrained by the pressure that the gas cell windows can

sustain, which is ∼ 5 bar. The gas pressure in the soliton stage is monitored by G2,

which is identical to G1, while the vacuum can be measured using G3 (CDG025D,

Infinicon) and G4 (APG100-XLC, Edwards Vacuum). The use of the two gauges G3

and G4 provides an accurate measurement over the range of interest—gauge G3 has

a measurement range from 1.3 bar to 0.13 mbar and gauge G4 has a measurement

range of 1mbar to 1×10−4mbar. The maximum overpressure of the gauges connected

to this stage is 10 bar, but there is an additional valve that can be closed to isolate

the more sensitive G3 and G4 when working with higher pressures.

The vacuum chamber containing the VUV spectrometer is evacuated by a turbo-

molecular pump (TMP) (HiPace700, Pfeiffer Vacuum), which has an ultimate vac-

uum of < 1 × 10−7 mbar for a rotation speed of 820 Hz. Its backing vacuum is

supplied by a similar scroll pump, RSP2, as RSP1. The vacuum in the chamber is

measured by three gauges—G5 (CDG025D, Inficon; similar to G3), G6 (APG100-

XLC, Edwards Vacuum; similar to G4) and G7 (AIM-X-NW25, Edwards Vacuum;

measurement range from 1 × 10−2 mbar to 1 × 10−9 mbar). The translation and

rotation stages that make the spectrometer are controlled through a vacuum feed-

through (Lemo).

This system allows the HCF of the soliton stage to be filled with static pressure,

because the input and the output gas cells are connected. A modification that

allows pressure gradients is to connect the two gas cells only through the the fibre.

This allows to additionally vary the dispersion and the nonlinearity properties of the

system longitudinally along the fibre and respectively along the pulse propagation.
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3 m, inner ⌀ 250 μm

G2

TMP

RSP1

input gas celloutput gas cell

RSP2

SmarAct controllers

V1

compressor stage

1.7 m, inner ⌀ 450 μm

soliton stage

He Ar

G3 G4

G5 G6 G7

V2

V3 V6

V4

V5

input gas cell output gas cell

G1

Figure 4.4: Schematic of the system for vacuum and variable gas pressure delivery
to the gas cells, where the fibres for the compressor and soliton stages are installed.
V - valve, G - gauge, RSP - roughing scroll pump, TMP - turbomolecular pump.

The pressure distribution p(z) in this gradient is given as:

p(z) =

√
p0 −

z

L
(p2

0 − p2
1), (4.2)

where p0 is the pressure in the input gas cell, p1 is the pressure in the output gas

cell and L is the length of the HCF. To achieve this, the fibre is glued to an adaptor

both at the input and at the output gas cell, and this allows the gas to only flow

through the fibre. The gas can then be let in through the usual path into the input

gas cell (through V3 and V6), whilst the output gas cell is kept under vacuum via

RSP2 or in combination with TMP.

4.5 Characterization

Characterization of the input and output pulses of the experiments are equally

important. Knowing the temporal pulse profile is essential for simulations, so that

they properly represent experimental conditions. Characterization of the output

is more challenging, because it is usually in temporal and spectral regimes that

are difficult to measure. In particular, RDWs in the VUV have to propagate and
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be measured only in vacuum and by a dedicated device for this spectral region.

Additionally, most common pulse measurement techniques, such as SHG-FROG,

cannot be used for temporal characterisation of sub-cycle pulses.

4.5.1 Temporal characterisation

In order to directly measure the temporal profile of a pulse it is necessary to have

a device with short enough response time, which makes the measurement of pulses

shorter than few tens ps impossible. This necessitates an indirect measurement

method such as an auto-correlation or frequency-resolved optical gating (FROG).

From the auto-correlation of the pulse its duration can be inferred in some cases, but

not its phase. A measurement technique which allows to retrieve both the detailed

intensity envelope as well as the phase is FROG. A FROG measures a sequence of

time-gated spectra, forming a trace T (ω, τ) of the pulse, mathematically defined as

[97, 98]:

T (ω, τ) =

∣∣∣∣∫ ∞
−∞

E(t)g(t− τ)e−iωtdt

∣∣∣∣2 (4.3)

where g(t) is a gate function, which is delayed relative to the pulse E(t) by τ and

the resulting spectrum is recorded. The gate function can be a different pulse or a

replica of the original pulse itself. More generally the trace can also be represented

by a signal operator S [99]:

T (ω, τ) =
∣∣∣FT {S[Ẽ]

}∣∣∣2 (4.4)

There are different geometries and different physical processes, which allow to ex-

perimentally measure the trace of the pulse. To retrieve the actual pulse from the

trace, a functional form of the process (the physical constraint), or the signal oper-

ator, that created the trace is required. This is given in Table 4.1 for the relevant

FROG modalities.

After an experimental trace is recorded, the temporal envelope and phase of the

pulse that generated it can be calculated through and iterative retrieval algorithm.

The general steps taken within this algorithm are schematically shown in Figure 4.5.
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FROG modality Signal operator S
SHG-FROG FT −1

{
eiτωẼ

}
FT −1

{
Ẽ
}

PG-FROG
∣∣∣FT −1

{
eiτωẼ

}∣∣∣2FT −1
{
Ẽ
}

TDP FT −1
{
eiτωB̃(ω)Ẽ

}
FT −1

{
Ẽ
}

Table 4.1: Signal operator for different FROG modalities: second-harmonic gener-
ation (SHG), polarisation gating (PG) and time-domain ptychography (TDP). The

delay between the two pulses is given by τ and in the case of TDP B̃(ω) is a spectral
filter applied to the gating replica of the pulse. [99]

These steps can be summarised as:

1. before starting the algorithm an initial guess for the field is calculated, other-

wise the field calculated from the previous iteration is used;

2. the signal operator for the current guess of the electric field E(t) is calculated;

3. the signal operator is transformed to the frequency domain to generate a trace;

4. the amplitude of the trace, calculated from the current guess for the electric

field, is replaced with the measured trace amplitude (intensity constraint),

while its phase is kept;

5. the trace is transformed back to the time domain;

6. a new guess for the field is calculated.

Figure 4.5: General steps taken within a FROG retrieval algorithm.

This iteration is repeated until the difference between the retrieved trace and the

measured trace converges to a minimum value. Here, few different options exist for

calculating the new guess for the field, the most common algorithm using principal

components generalised projections (PCGPA) and a newer method, gaining more

popularity in recent years, being the ptychographic algorithm. The ptychographic

53



Chapter 4: Experimental methods

iterative engine (PIE and extended PIE, ePIE) [100] has been demonstrated for

retrieval of octave-spanning sum-frequency cross-correlation FROG (SFG-XFROG,

where the signal and the gate pulses are not simple replicas) measurement [101].

It uses steepest descend algorithm to calculate the next guess for the electric field.

Ptychographic retrievals allow for a more relaxed delay sampling of the FROG trace,

which is advantageous when very chirped pulses should be measured. Also it allows

for the gate pulse to be much longer than the pulse that needs to be measured, which

allows to design a FROG setup in which the signal pulse experiences no additional

dispersion within the measurement device.

Currently there exist a broad variety of different experimental methods that can be

used to measure and retrieve the temporal shape and phase of ultrafast pulses. How-

ever, there is a compromise to be made between the information that can be gained

from a particular measurement and the complexity of the experimental setup re-

quired to make a measurement. For example, techniques such as attosecond streak-

ing [102] and attosecond-resolved interferometric electric field sampling (ARIES)

[103] can in principle reconstruct the field of even sub-cycle pulses, but require the

use vacuum-based setups and electron or EUV (extreme ultraviolet) spectrometers.

In more conventional setups, like FROG and spectral phase interferometry for di-

rect electric-field reconstruction (SPIDER), there is a limit to the shortest pulse

that can be measured. This limitation arises from the phase-matching bandwidth of

the nonlinear interaction that is used to generate the trace. For example, SPIDER

has been used to measure pulses as short as 3.5 fs [104] and FROG has been used

to measure pulses as short as 3.7 fs [101].

In this work, we have aimed at the simplest possible experimental pulse measurement

setups for characterisation of both the input and output pulses. More elaborate

measurements, for example tunneling ionization with a perturbation for the time-

domain observation of an electric field (TIPTOE) [105] or streaking measurements,

would be part of future work.
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Second-harmonic generation FROG

To measure pulses longer than 8 fs an all-reflective split-mirror SHG-FROG setup,

schematically shown in Figure 4.6, is used. Instead of a beam-splitter at the input,

a mask with two closely spaced circular holes is used to spatially sample the beam

and form the two beams, which will be used to produce the FROG trace. It is

possible that this way of sampling introduces small differences in the spectra of

the two beams, so the gating and signal function in the trace cannot be assumed

to be the same in the retrieval. One of the sides of the split mirror is placed on

a translation stage, which controls the delay between the two beams as they are

reflected. Then the two beams are cross-focused by a spherical mirror with focal

length 25 cm onto a 10 µm-thick BBO second-harmonic (SH) crystal cut for type-I

phase-matching. For SHG-FROG one of the most important consideration is that

the SH crystal has enough phase-matching bandwidth to frequency double the entire

bandwidth of the measured pulse, otherwise this might distort the measurement. For

this reason only very thin SH crystals can be used for measuring ultrashort pulses.

The non-collinear SH signal that results from the overlap of the two pulses in time

is filtered by an aperture and recorded as a function of the delay between the pulses

by a fiber-coupled spectrometer. Together with every FROG trace an independent

measurement of the pulse spectrum is done, so that the quality of the retrieval can

be checked. From such a trace there are different iterative algorithms which allow to

retrieve the pulse envelope and phase. For retrievals in this thesis, the ptychographic

reconstruction is used, because it reliably reconstructs the pulse even if the gate and

signal pulses are different (blind ptychographic FROG reconstruction).

VIS spectrometer
SH crystal

mask

SM

TS

Figure 4.6: Geometry of the SHG-FROG setup used for temporal characterisation
of pulses > 8 fs: TS - translation stage, SM - spherical mirror.

This type of FROG measurement is recorded daily to confirm that there is no (or very
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little) change of the pulses that are available form the compressor stage. An example

of pulse measurement and reconstruction is shown in Figure 4.7. The pulse to be

measured is redirected after the variable attenuator of the compressor stage by a

flipper mirror to the FROG setup, which has been positioned such that the free-space

path of the beam in air is approximately the same as that to the input of the fibre, so

the pulse entering the fibre can be reconstructed as closely as possible. Figure 4.7 a)

shows the measured trace and Figure 4.7 b) is the trace retrieved after 600 iterations,

shown on a logarithmic scale, and the overall agreement between the measured and

retrieved traces is very good. The envelope and spectrum of the retrieved pulse are

shown in Figure 4.7 c) and d). The retrieved overall temporal envelope has a duration

of (10.6± 2.0) fs. As a cross-check, the retrieved pulse duration is compared to the

auto-correlation, which can be extracted from the measured trace by integrating

the spectrum measured at each delay. This auto-correlation is (12.4± 1.0) fs, and

the spectral bandwidth of this pulse supports a (8.77± 0.71) fs transform-limited

Gaussian pulse.

10.6 fs

error: 1.3%

measured retrieved
a) b)

c) d)

Figure 4.7: SHG-FROG retrieval of the pulse after the compressor stage: a) mea-
sures trace, b) retrieved trace by ptychographic blind FROG algorithm, c) retrieved
pulse temporal envelope, d) corresponding spectrum and independently measured
spectrum after the compressor stage.
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Such a FROG measurement is performed on a daily basis to monitor the quality and

stability of the pulses after the compressor stage. However, they have rarely been

used in simulations as the pump pulses. Instead, to model the propagation, pulses

with analytical Gaussian or sech2 temporal envelope are used, with the duration re-

trieved from the traces (usually obtained from the auto-correlation duration), taken

to be 10 fs. For the most part, this has produced very good agreement between the

experimental data and simulations, even though the exact pulses were not used.

Polarisation-gating FROG

Pulse characterisation of pulses shorter than 8 fs is carried out using an ultra-

broadband polarisation-gating FROG (PG-FROG), the layout of which is shown

in Figure 4.8. The beam coming out of the soliton stage is collimated using a

spherical mirror. The signal in a PG-FROG needs to be very well polarised, so

it is taken as the reflection from a wedged MgF2 window at Brewster angle. The

transmitted beam forms the gate pulse, which is then spectrally filtered using a

bandpass filter (BPF) centred at 780 nm with bandwidth of 10 nm (Thorlabs), time

delayed by a translation stage and polarisation-rotated 45° with respect to the sig-

nal beam by a HWP. The two pulses are then recombined in a 20 µm-thick fused

silica (FS) sample, where the polarisation-rotation interaction occurs. The angle

between the two beams in the FS sample is kept as small as possible to avoid tem-

poral smearing. The polarisation-gated signal is then isolated by a broadband BBO

Rochon polariser (Edmund Optics) and the delay-dependent trace is recorded. The

polarisation-rotation interaction is a nonlinear effect based on the Kerr nonlinearity,

which is automatically phase-matched [97], and so the limitation to measurable pulse

duration from finite phase-matching bandwidth is removed. In the shown measure-

ment, the recorded spectrum lacks compact support due to the measurement range

of the spectrometer used.

The pulse retrieval is also carried out using ptychographic reconstruction algorithm,

with the modification that at each iteration, the retrieved gate pulse is updated by

numerically back-propagating the retrieved test pulse to the gas cell exit and then
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from soliton stage

BPF HWP

SM1

SM2

SM3

MgF₂

polariser

VIS spectrometer

FS

TS

Figure 4.8: Geometry of the PG-FROG setup used for temporal characterisation of
pulses < 8 fs: SM - spherical mirror, BFP - bandpass filter, TS - translation stage,
HWP - half-wave plate, FS - fused silica.

forward-propagating it through the optics in the gate pulse arm of the device. An

example measurement and retrieval are shown in Figure 4.9. The measured trace

contains an additional signal at the wavelength of the gate pulse, caused by scatter

in the FS sample, which is removed by high-pass filtering it in this wavelength

region, attenuating delay-independent features. The retrieved pulse in Figure 4.9

d) is back-propagated to the input to the fibre, using the known dispersion of the

used optical elements and a precise measurement of the free-space path of the signal

beam.

4.5.2 Spectral measurement in the vacuum and deep UV

One of the main objectives of the work performed in this thesis is to generate and

characterize high-energy dispersive waves in the vacuum ultraviolet (VUV) region.

This spectral range is relatively difficult to work in practically, because VUV radi-

ation is strongly absorbed in air and in most optical materials, so the beam must
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Figure 4.9: PG-FROG retrieval of the pulses at the output of the soliton stage: a)
measured trace, b) retrieved trace, c) spectrum (the blue line is the measured and
the orange line is the retrieved spectrum) and d) temporal envelope of the retrieved
and back-propagated pulse.

be propagated fully in vacuum or non-absorbing gas (such as helium, which can be

used down to 60 nm) and suitable reflective optics must be used before measure-

ment. For this reason, an in-house built VUV spectrometer is connected directly

to the gas cells of the soliton stage. The whole system is evacuated with the use

of a rough vacuum pump and a turbo-molecular pump to ensure minimum air con-

tamination (if the gas chambers are not properly evacuated, the measured energy

of the dispersive wave in the VUV is lower or the signal sometimes even completely

disappears).

A schematic of the VUV spectrometer-monochromator is shown in Figure 4.10. The

light from the fibre enters the spectrometer through the 200 µm input slit, which acts

to define the object plane. In order to confirm, that the measured signal is real, and

not due to scatter in the spectrometer, a glass window can be inserted in the beam

path, which serves as a longpass filter of the VUV (silica window with thickness

2 mm, cut-off around 160 nm) or DUV (BK7 window with thickness 5 mm, cut-off

around 280 nm). The grating, filters and both of the slits are mounted on rotation
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or translation stages, which can be moved, so that the beam is passed through the

output window of the chamber for further diagnostics. Then the light is incident on a

variable line spacing (VLS) grating, which is ruled on a concave, spherical, Al-coated

mirror protected by a thin layer of MgF2 with 1200 grooves/mm (McPherson Inc.).

The Al-grating can be used in the range 100 nm-300 nm, but outside this range

its efficiency drops. The grating serves two purposes—it spectrally disperses the

light and also focuses it in the horizontal plane, to increase resolution [106]. At the

focal plane of the grating a 200 µm output slit is placed, which transmits only a

small part of the dispersed spectrum. The signal is recorded on a calibrated VUV-

sensitive silica photo-detector, which has been absolutely calibrated for the vacuum

ultraviolet range (SXUV100G, OptoDiode; calibration by Physikalisch-Technische

Bundesanstalt, Germany). By rotating the grating, different parts of the ultraviolet

spectrum are selected, so for the spectrum to be recorded over an extended range, the

grating has to be rotated in steps and the photo-detector signal recorded for every

rotation angle. The procedure to calibrate the relationship between rotation angle

and VUV wavelength is shown in Figure 4.11. First the spectrum of a mercury lamp,

emitting discrete spectral lines from 250 nm to 580 nm [107], is recorded as a function

of the grating angle of rotation for the −1th diffraction order, as shown in Figure 4.11

a). A peak finding algorithm is used to find the exact grating angles for the different

peaks. Then the angles are iteratively associated with wavelengths corresponding

to the emission lines of the mercury lamp, based on the grating equation:

sin(θ) = Nmλ, (4.5)

where θ is the grating angle, m is the diffraction order, N is the grating groove

density and λ is the line wavelength, until the best fit is found, shown in Figure 4.11

b). Finally the position of the input slit is confirmed, using a RDW at ∼ 180 nm,

which is shown in Figure 4.11 c). The position of the slit is critical to obtaining good

signal strength and is much more sensitive to misalignment in the DUV and VUV,

because of the smaller diffraction spread for shorter wavelengths. The wavelength

calibration can be verified by independently measuring a RDW generated in the
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DUV region with the other available calibrated spectrometer in the visible and

NIR regions. A recorded trace has to be corrected with the wavelength-dependent

efficiencies of the grating and the VUV photo-diode to get the correct spectral shape.

grating

UV photo-diode

filter
output

input slit

output
slit

from soliton stage

window

Figure 4.10: Schematic of the spectrometer used in the vacuum and deep ultraviolet
ranges.

(°)

(°)

(°
)

(°)

a)

b) c)

Figure 4.11: Calibration procedure for VUV spectrometer: a) the spectrum of a
mercury lamp is recorded as a function of grating angle and the angles for each
spectral line are found, b) the angles are fitted to the known line wavelengths of
the mercury lamp, c) the input slit position is scanned to determine the optimal
position for collecting signal in the VUV (∼ 180 nm) region. The chosen position of
the input slit is noted as a black dashed line.

To get a measurement of the energy in the VUV, both the input and output silts

are removed from the beam path and the photo-detector signal is generated as the
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whole band of the dispersive wave is scanned through it. The measured signal is

a convolution of the spectral profile of the dispersive wave and the photo-detector

aperture and has the shape of a smooth-edge rectangle. The maximum of this

signal corresponds to the grating position in which the whole spectrally dispersed

dispersive wave fits on the detector. The spectral energy density (in µJ nm−1) is

obtained from the photo-current as follows: the photo-current is filtered to obtain

the zero-frequency component, and processed to account for the pump repetition

rate, the absolute diode calibration, the gain of the current amplifier (DLPCA-200,

FEMTO Messtechnik GmbH), and the grating efficiency. This method has been

cross-checked by measuring a diffracted signal in the DUV directly with a calibrated

photo-diode (PD300-UV, Ophir). The results all agreed with each other to within

6%, which is within the stated uncertainty of the calibration sources themselves.
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Soliton dynamics in gas-filled

hollow capillary fibres

Chapter 3 reviewed the literature and summarised the current state of the field of

soliton dynamics in hollow-core fibres. As mentioned there, experiments to date

have been performed either in solid-core step-index or micro-structured, both solid-

and hollow-core, fibres. Hollow capillary fibres, those lacking cladding structure,

have been used in a variety of different nonlinear optics experiments since the 1970s

[108, 109], but not for observing soliton dynamics. Among the many applications,

they have been used for are frequency conversion and amplification through four-

wave mixing [110, 111], vacuum ultraviolet generation [112], spatio-temporal self-

compression [113–115], high-harmonic generation [116, 117] and nonlinear optics in

liquids [118]. It was previously believed in the field of nonlinear fibre optics that

capillary fibres cannot be used for soliton dynamics experiments, instead of photonic-

crystal fibres, because of their high losses for small core sizes (. 30 µm) and low

dispersion for big core sizes (& 200 µm) [5, 6]. However, this has proven to be an

incorrect assumption. Some theoretical suggestions for how to obtain soliton effects

in HCF have included the use of metal-coated HCF to reduce the loss [119], pumping

in higher-order modes to increase unm in Equation (2.32) [120, 121], or moving to

longer wavelengths [122, 123]. This chapter presents the experimental and numeri-

cal results of the first demonstration of soliton dynamics in simple gas-filled hollow
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capillary fibres. In particular, soliton self-compression to sub-cycle pulses, and the

generation of continuously tunable high-energy pulses in the deep and vacuum ul-

traviolet through resonant dispersive-wave emission have been demonstrated in this

part of the work. Using hollow capillary fibres enables further energy scaling of

soliton effects by several orders of magnitude.

In the field of ultrafast optics HCFs have been primarily used for pulse compression

based on nonlinear spectral broadening [84, 85], which is shown in Figure 5.1 a).

In conventional compression in gas-filled HCF, the dominant dynamics inside of

the fibre are due to SPM broadening of the spectrum and dispersion is mostly

neglected. After the fibre, external dispersive optics (such as chirped mirrors or a

grating compressor) are used to compress the broadened pulses. On the other hand,

soliton formation, shown in Figure 5.1 b), depends on both SPM and anomalous

dispersion acting simultaneously within the fibre to lead to extreme self-compression,

UV emission and multi-octave supercontinuum formation.

In Section 5.1, general scaling rules for soliton dynamics in HCF are discussed,

together with some limits to the maximum energy that can be used in these systems

to avoid excessive ionisation and self-focusing. This scaling can be broadly accessed

in the fundamental mode of HCF and without any coatings or micro-structure, even

in the visible and NIR regions. This is possible simply by using shorter pump pulses,

or longer HCF lengths than usual, enabled by the important innovation of HCF

stretching [11, 94, 124–126], or both of these approaches simultaneously. Numerical

simulations, confirm that this scaling can be used in HCF for increasing the energy of

these dynamics by multiple orders of magnitude. Section 5.2 and Section 5.3 present

the experimental results on soliton self-compression to sub-cycle pulses with 43 GW

peak power, and soliton-driven ultraviolet (UV) pulse generation between 110 nm

and > 350 nm with energies of 1 to 16 µJ. Finally Section 5.4 briefly discusses what

makes scaling of soliton dynamics useful for applications, and presents further recent

developments in soliton-based ultrafast optics in HCF—the use of compact setups,

pressure gradients, pumping in the NIR and the use of circular polarisation.

This chapter follows a published work [36]. The initial design of the experiment was
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Figure 5.1: Comparison between post-compression and soliton dynamics in HCF. a)
Conventional post-compression in gas-filled HCF, b) soliton dynamics in gas-filled
HCF.

done by Prof. John C. Travers and the VUV spectrometer was initially implemented

by Prof. John C. Travers and Dr. Christian Brahms. The experimental data

presented in this Chapter was collected by me, Dr. Christian Brahms, Dr. Federico

Belli and Prof. John C. Travers. The initial experimental setup was built by me

and later extended by Dr. Christian Brahms. The FROG traces used for the pulse

retrievals shown in Figures 5.6 and 5.7 were experimentally measured by me and

Dr. Christian Brahms and retrieved by Prof. John C. Travers.

5.1 Scaling rules for soliton dynamics in HCF

The character of ultrashort pulse propagation depends on the full wavelength-

dependent dispersion landscape and the balance between nonlinearity and disper-

sion. The general scaling of nonlinear optics in gases [49], which—when applied to

hollow fibres—states that if one scales the core radius by a factor η, exactly the

same dynamics (excluding losses) occur if one also scales the gas pressure by 1/η2

and the fibre length and peak power by η2. However, a specific balance between

nonlinearity and dispersion has to be satisfied in order to observe soliton dynamics.

This balance is characterised by the pump soliton order N , Equation (3.3), and the

characteristic fission length, Equation (3.5), at which a soliton of certain N will

reach self-compression and break-up.

In a hollow core fibre a reasonable parametrisation of the dispersion landscape is

the relative location of the pump wavelength λp with respect to the zero disper-
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sion wavelength λzd (defined as β2(λzd) = 0). This determines the phase-matched

location for RDW generation and therefore, in the usual case in which λp is fixed,

changing λzd (via the gas pressure) tunes the RDW emission wavelength. It also de-

termines the degree of high-quality self-compression which can be achieved. For the

strongest unperturbed compression a broad anomalous dispersion region is required,

with λzd tuned far from λp.

5.1.1 Soliton fission length scaling

As discussed previously in Section 3.2, in order to be able to observe soliton self-

compression and resonant dispersive wave emission, the pulse needs to propagate at

least a fission length Lfiss. Here, a derivation for Lfiss while keeping the dispersion

landscape (fixed λp and λzd) is presented.

Combining expressions (3.2) and (3.5), gives for Lfiss:

Lfiss =
Ld

N
=
√
LdLnl =

τ 2
0

|β2|N
, (5.1)

where τ0 ∝ τFWHM is the natural pulse duration (for sech2-shaped pulses τFWHM =

2τ0 ln(1 +
√

2) ≈ 1.76τ0). Here the GVD β2 needs to be parametrised in terms of

λp and λzd. The GVD in terms of wavelength of a gas-filled HCF, also given in

Equation (2.32), is:

β2(λ, ρr, a) =
λ3

4πc2

(
ρr
∂2χe
∂λ2

− u2
nm

2π2a2

)
. (5.2)

To obtain a certain zero dispersion wavelength (ZDW) λzd the gas density has to be

tuned such that the gas dispersion compensates the waveguide dispersion:

ρr(λzd, a) =
u2
nm

2π2a2f(λzd)
, (5.3)

where

f(λ′) =
∂2χe
∂λ2

∣∣∣∣∣
λ′

(5.4)
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is a function that depends only on the dispersion of the filling gas and is independent

of gas pressure.

If λzd is fixed, by using Equation (5.3) and Equation (5.2), the GVD at any other

wavelength can be written as:

β2(λ, λzd, a) =
δ(λ, λzd)

a2
, (5.5)

where

δ(λ, λzd) =
u2
nmλ

3

8π3c2

(
f(λ)

f(λzd)
− 1

)
. (5.6)

The quantity δ(λ, λzd) does not depend on the gas pressure or any of the fibre

parameters and is just a wavelength-dependent function, encasing the gas dispersion.

This β2 can be substituted into Equation (5.1) to give:

Lfiss ≈
τ 2

FWHMa
2

3N |δ(λ, λzd)|
, (5.7)

where the factor 3 in the denominator of this expression comes from replacing τ0

with τFWHM.

To find the gas nonlinearity for the pressure selected to give a certain ZDW, the gas

density (5.3) has to be substituted in the expression for the fibre nonlinear coefficient

γ = 2πn2/λAeff , where the nonlinear refractive index depends on the gas density as

n2 = n0
2ρr and the effective mode area Aeff can be approximated as 3a2/2 for the

fundamental HE11 mode. This gives for the fibre nonlinear coefficient:

γzd =
4πn0

2ρ
zd
r

3λa2
=

2n0
2u

2
nm

3πa4λf(λzd)
. (5.8)

Then the soliton order for a given ZDW is given as:

N zd =

√
τ 2

0u
2
nmn

0
2I0

πλ|δ(λ, λzd)|f(λzd)
∝ τFWHM

√
I0, (5.9)

using I0 = P0/Aeff . This can be substituted in the expression for Lfiss to find that
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for a given λp and λzd it is proportional as:

Lfiss ∝
τFWHMa

2

√
I0

(5.10)

to the other fibre and pulse parameters that can be varied: the pulse duration

τFWHM, pulse intensity I0 and the fibre core radius a. The exact expression can be

calculated by substituting Equation (5.9) in Equation (5.7), but this proportionality

shows that the fission length can be decreased by using shorter pulses or smaller fibre

core sizes. For typical HCF fibre sizes (∼ 100s µm), since the absolute value of the

dispersion is quite low, a longer fission length requires the use of longer fibres.

5.1.2 Maximum soliton orders in hollow-core fibres

There are limits to the maximum soliton order that can be used for soliton fission. If

the soliton order is too high, instead of observing clean soliton dynamics, the pulse

will experience modulational instability. To avoid this the soliton order should be

kept reasonably low, N < 15 [53]. Additionally, effects that can lead to perturbations

to the soliton dynamics are self-focusing and ionisation. Self-focusing leads to the

excitation and energy transfer to higher-order modes, which is in general unwanted.

Excessive ionisation can also lead to a significant loss of pulse energy and cause

spatial defocusing, similarly leading to coupling to higher-order fibre modes.

Limits to the soliton order due to self-focusing

A characteristic power scale for self-focusing is the critical power Pcr from Equation

(2.21) [26]. Taking the critical power for self-focusing, reduced by a safety factor S,

gives the maximum pulse peak power P0 = Pcr/S that can be coupled into the fibre

without experiencing significant spatial effects during propagation. A conservative

value for the safety factor can be S = 10. The soliton order corresponding to this

power, for a fixed choice of λp and λzd, can be found to be:

N sf
max(λp, λzd, τ0) =

(
τ 2

0λp

S |δ(λp, λzd)|

) 1
2

, (5.11)
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where β2, γ and ρr can be substituted from Equations (5.2), (5.8) and (5.3), re-

spectively. This is an upper limit to the soliton order needed to avoid self-focusing.

Interestingly, N sf
max is independent of the gas nonlinearity n0

2 and the core size. It

depends on λp and λzd, and is proportional to the pulse duration.

The maximum soliton order due to self-focusing is plotted in Figure 5.2 a) for 10 fs

pump pulses at 800 nm in helium and in argon as a function of the ZDW, for a

safety factor S = 10. It can be seen that N sf
max is the same for both gases over the

entire range considered—this is somewhat unsurprising, since the dispersion of all

gases, encoded in Equation (5.11) by δ(λp, λzd), has roughly the same wavelength

dependence and its magnitude has been matched through the procedure to get

the ZDW at the same wavelength. The singularity when the ZDW is close to the

pump pulse wavelength is due to the fact that Ld ≈ 0 and the soliton order N is

undefined. At low pressures (low λzd) N sf
max is stable at around N = 5, increasing as

λzd approaches the pump wavelength. This curve can be scaled proportionally with

τ0.

Limits to the soliton order due to ionisation

While some ionisation is tolerable, and can be useful for certain plasma-soliton dy-

namics [69], it becomes detrimental when too much pulse energy is lost and the

plasma defocusing becomes significant. For a characteristic power scale the inten-

sity threshold for Coulomb-barrier suppression ionisation Ith can be used [33]. For

example, for helium it is approximately 1.5× 1015 W/cm2 and for other noble gases

it can be approximated as Ith ≈ 4I4
p×1013, where Ip is the ionisation potential of the

particular gas species [127]. The limit to the maximum pulse peak power, with a sim-

ilar safety factor as in the case of self-focusing, is then P ion
cr = AeffIth/S = 3a2Ith/2S,

and the corresponding maximum soliton order, limited by ionisation is:

N ion
max(λ, λzd, τ0) =

(
τ 2

0n
0
2Ithu

2
11

Sπλ |δ(λ, λzd)| f(λzd)

)1/2

. (5.12)

N ion
max is also independent of core size a, and is proportional to the pulse duration.
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The dependence of N ion
max as a function of ZDW (gas pressure) is shown in Figure

5.2 b) for the same 10 fs pump pulses at 800 nm in helium and argon, for a safety

factor S = 10. In this case the curves for the two gases are different, however

just by the scaling factor
√
Ith, which depends on the ionisation potential Ip of the

gas species, and the gas nonlinearity n0
2. This limitation is stronger for gases with

lower ionisation potential as expected, since they are easier to ionise, and hence a

higher free-electron density is generated than in a gas with higher Ip for the same

pulse peak power. This limit is most stringent for low gas pressures (short λzd),

since in that case much higher pump pulse peak powers are used to obtain a certain

soliton order, and the ionisation rate is a very nonlinear function in the electric

field strength. This figure shows that at lower pressures ionisation affects the pulse

propagation more significantly than self-focusing and it is the limiting factor for

obtaining clean soliton effects.

a) b)

Figure 5.2: Maximum soliton order for a 10 fs pump pulses at 800 nm in helium and
in argon as a function of the ZDW, limited by a) self-focusing and b) ionisation, for
a safety factor S = 10.

5.1.3 Numerical simulations of scaled propagation

The scaling of soliton dynamics in HCF can also be demonstrated through numeri-

cal simulations. Figure 5.3 shows numerically modelled propagation of 10 fs pulses

at 800 nm in helium-filled hollow fibres for three very different core sizes—15 µm,

125 µm and 350 µm core radius. For each core size the gas pressure is tuned so that

the ZDW λzd ≈ 380 nm, and the energy is adjusted to maintain the soliton order

at N = 2.6. Nearly identical temporal and spectral dynamics are obtained even

though the energy is increased by almost three orders of magnitude (from 6 µJ to
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3 mJ). The small differences—apart from the length scale over which the dynamics

occur—are due to different propagation losses in each case.

The low-energy results in Figure 5.3 a) and b) correspond to an idealised small-core

anti-resonant guiding HC-PCF without any loss. In real HC-PCF, cladding reso-

nances inherent to their guidance mechanism would create multiple bands of large

loss and dispersion [128], especially in the VUV part of the spectrum. Nevertheless,

dynamics similar to those in Figure 5.3 a) and b) have been previously demon-

strated [8, 24, 60–62, 64, 72, 76] and utilised in both angle-resolved photoemission

spectroscopy [81], and time-resolved photoelectron imaging spectroscopy [82]. Fig-

ure 5.3 c)-f) show results for simple, non-microstructured, HCF. The larger core

sizes in HCF enable significant energy scaling.

Self-compression is observable in Figure 5.3 b), d) and f) because the pump pulse

parameters correspond to a high-order soliton (N > 1) propagating in the nega-

tive dispersion region. Therefore, SPM initially dominates, broadening the pulse

spectrum; this enhances the effect of the negative GVD, which compensates for the

nonlinear phase and results in temporal compression of the pulse [53, 54, 59, 129]

and subsequent soliton fission dynamics [53, 57, 58, 130]. This self-compression

produces nearly 1 fs pulses. The pulse peak power increases when the core size is

increased—for the small-core case the pulse reaches a peak power of 2 GW, whereas

in the largest core the pulse peak power is scaled to 1.2 TW. In the spectral do-

main, shown in Figure 5.3 a), c) and e), the self-compressed pulse corresponds to a

supercontinuum spanning nearly four octaves, from ∼ 100 nm to ∼ 1400 nm. The

subsequent spectral dynamics show efficient RDW emission around 130 nm for all

core sizes, with VUV energies of 0.6 µJ, 25 µJ and 300 µJ for core radii 15 µm, 125 µm

and 350 µm respectively. The VUV pulses are extracted by spectral filtering using

a 100 nm wide super-Gaussian window centered at 150 nm. They reach maximum

peak powers of 0.2 GW, 6 GW and 80 GW, and have a pulse duration of 1.8 fs and

a transform limited duration of 0.8 fs.

Due to the high intensities reached in Figures 5.3 the filling gas is partially ionised

leading to energy loss and plasma-related effects. In particular, soliton self-frequency
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blue-shift, along with corresponding soliton acceleration (identified by the curved

trajectory of the soliton in the time-domain plots Figure 5.3 b), d) and f)), are

evident [69, 70], and these both shift and enhance the strength of the VUV RDW

emission [24, 70]. These effects are not required for self-compression and RDW

emission, both of which still occur with ionisation and plasma effects turned off in

the simulations or for other sets of parameters which require lower pulse intensities

(higher pressures and longer λzd).

a) b)

c) d)

e) f )

a = 15 μm
p = 27.8 bar

E = 6 μJ

a = 15 μm
p = 27.8 bar

E = 6 μJ

a = 125 μm
p = 400 mbar

E = 400 μJ

a = 125 μm
p = 400 mbar

E = 400 μJ

a = 350 μm
p = 51 mbar

E = 3 mJ

a = 350 μm
p = 51 mbar

E = 3 mJ

dB

TW

GW

GW

Figure 5.3: Scaling of soliton dynamics in gas-filled hollow fibres. Numerically
modelled propagation of 10 fs, N = 2.6 solitons at λp = 800 nm, in hollow fibres
filled with helium such that λzd = 380 nm. The colour density plots show the
evolution of the temporal (plotted on linear scale) and spectral power (normalised
and plotted on dB scale). a) Example of dynamics in a small core, similar to HC-
PCF, but neglecting resonances and loss: core radius a = 15 µm, 27.8 bar filling
helium pressure, and an energy of 6 µJ, b) HCF with a = 125 µm, 400 mbar helium,
and an energy of 400 µJ. c) HCF with a = 350 µm, 51 mbar helium, and an energy
of 3 mJ.

Figure 5.4 a)-d) show spectrograms of the pulse dynamics shown in Figure 5.3 c) and

d) at different positions along the fibre. After propagation of 2 m along the HCF,

the initial pulse, shown in a), experiences temporal compression, accompanied by
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spectral broadening near the peak of the pulse. After 2.5 m of propagation, in c), the

emission of a RDW at around 130 nm can be seen, when the broadened spectrum

extends to the RDW phase-matching wavelength and the self-compression point has

been reached. At the end of the fibre the transfer of energy to the RDW ends, and

the pump pulse has began to dissociate and stretch out again, after the fission point.

a) b)

c) d)

0 m 2 m

2.5 m 3 m

dB

Figure 5.4: Spectograms of the evolution of the pulse shown in Figure 5.3 c) and d):
10 fs pulse duration and 400 µJ pulse energy in a 3 m-long, 125 µm core size fibre,
filled with 400 mbar He at a) the input of the fibre (0 m), b) 2 m along the fibre, c)
2.5 m along the fibre and d) at the end of fibre (3 m). The spectrograms are gated
with a Gaussian pulse with 3 fs FWHM pulse duration, normalised and plotted on
a log-scale.

Figure 5.3 is a specific example of soliton dynamics in HCF. In general, for different

experiments and applications, it is desirable to vary the pump pulse duration, the

zero dispersion wavelength λzd (which tunes the RDW emission wavelength [8, 61])

and the core size (to control the energy and power level). To ensure that the soliton

dynamics are not precluded by the HCF loss, it is needed to maintain Lfiss < Lloss,

where Lfiss is the soliton fission length, which approximates the required length scale

for soliton self-compression and subsequent pulse breakup [53] and Lloss is the loss

length of the fibre, at which 1/e of the input pulse power would be lost. Figure

5.5 shows this scaling rule for λp = 800 nm as a function of core radius and pump

pulse duration for two example values of λzd, a) for 380 nm and b) for 700 nm. The

minimum Lfiss is obtained for each pulse duration by finding the maximum N or I0,
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which is determined by the lowest limit to the soliton order N due to self-focusing or

ionisation, calculated using Equations (5.11) and (5.12). The grey regions in Figure

5.5 a) and b) show where it is impossible to observe soliton dynamics because the

propagation loss is too high and Lfiss > Lloss. This occurs for small core sizes and

long pulse durations. However, Lfiss ∝ a2 whereas Lloss ∝ a3 (Equation (5.10) and

Equation (2.31)), so it is always possible to obtain Lfiss < Lloss by moving to larger

core sizes, at the cost of increasing the length of HCF required. This, in turn, can

be compensated by pumping with shorter pulses—an initial duration of 10 fs or less

keeps the fission length below 3 m for core radii up to a = 200 µm, and even below

half a metre for the smallest core sizes. Most conventional HCF post-compression

systems have been limited to fibre lengths of around 1 m, because they have used

rigid HCFs. This is much shorter than the fission length for the 30 fs pump pulses at

800 nm that have been typically used, which explains why soliton fission dynamics

have not been observed in HCF previously.
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Figure 5.5: Soliton fission length scaling in helium-filled hollow capillary fibres. The
contours and colour scale show the minimum soliton fission length Lfiss, calculated
from Equation (5.10) using the largest permissible N , as a function of core radius a
and pulse duration τFWHM for λp = 800 nm and a) λzd = 380 nm or b) λzd = 700 nm.
In the grey shaded region it is impossible to obtain Lfiss < Lloss.

5.2 High-energy soliton self-compression

As an initial experiment to demonstrate self-compression in HCF, the pulses directly

produced by the Ti:Sapphire laser system, which have duration of 26 fs, were used in

a 3 m-long stretched HCF with 125 µm core radius. At a maximum energy of 400 µJ

coupled into the HCF filled with 1 bar of helium (λzd = 470 nm), the maximum

soliton order is N = 6.8 and the corresponding fission length is 4.2 m. Although the

HCF is too short to reach the fission point, Figure 5.6 a) shows clear experimental
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evidence of self-compression from 26 fs to 9 fs as pump energy is increased (and hence

the soliton order). Furthermore, numerical modelling reproduces the experimental

data extremely closely, both in terms of the power spectrum (Figure 5.6 b)) and

the pulse shape in the time domain (Figure 5.6 a)). Such good agreement supports

both the accuracy and validity of the numerical model and the fidelity of the pulse

measurement.
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Figure 5.6: Soliton self-compression of a 26 fs pump pulse propagating in gas-filled
hollow capillary fibres measured from SHG-FROG pulse retrieval: a) in the time
domain and b) in the spectral domain for increasing energy. Orange lines show re-
trieved spectra and time-domain pulses from experimentally measured FROG traces.
Blue lines show numerical simulations of the pulse propagation for the parameters
used in the measurement. The green lines are independent spectral measurements.

To observe complete soliton self-compression, 10 fs pump pulses, produced in a con-

ventional HCF post-compression setup shown in Section 4.2, are used instead. Fig-

ure 5.7 shows the experimental results. At a helium pressure of 400 mbar (λzd =

380 nm) and an energy of 239 µJ (corresponding to N = 2) self-compression from

10 fs to 2.7 fs is obtained, which is close to a single cycle and slightly broader than the

bandwidth-limited duration of 2.5 fs. The pulse becomes even shorter as the pulse

energy is increased, compressing to 2.3 fs (bandwidth limit 2.1 fs) at 279 µJ and fi-

nally, at 337 µJ, to 1.2 fs for a bandwidth limit of 1.1 fs, with spectrum spanning

3 octaves. At this point, the full width of the square-field profile is only 412 as—

the soliton has self-compressed to an optical attosecond pulse [131]. These pulse

measurements are based on a polarisation-gating frequency-resolved optical gating

(PG-FROG) technique which covers the band from 200 nm to > 1100 nm, discussed

in Section 4.5. This technique has some severe limitations and the sub-cycle pulse
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duration cannot be reliably established from the PG-FROG measurements alone.

The pulse profiles shown in Figure 5.7 are obtained by measuring the pulses after

they have been stretched by propagation through dispersive materials—most notably

the exit window of the HCF system and air in the laboratory—and subsequently

numerically back-propagated to the exit of the HCF. In general this process is rig-

orous, since the refractive indices of air, silica and MgF2 are well-characterised. For

the 2.7 fs pulse the back-propagated pulse duration changes by less than 5% within

the experimental uncertainty on the propagation distance and window thickness.

However, the extreme bandwidth and the extension into the UV of the sub-cycle

pulses means that a difference of only 10 µm in glass thickness is sufficient to stretch

the 1.2 fs pulse by a factor of 2.5. Since PG-FROG always requires a transmissive

interaction medium, even placing the apparatus into vacuum would not avoid this

issue. Further experimental evidence can be provided by much more complicated

experiments such as attosecond streaking [14, 131].
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Figure 5.7: Soliton self-compression of a 10 fs pulse propagating in gas-filled hollow
capillary fibres measured from PG-FROG pulse retrieval: a) time-domain retrieved
pulse shapes for increasing pump pulse energy. Orange lines show retrieved time-
domain pulses from the experimentally measured FROG traces. Blue lines show
numerical simulations of the pulse propagation for the parameters used in the mea-
surement (slices of d)). In the last plot of a), the square of the retrieved electric
field is shown in green. b) Experimentally measured optical spectrum for increasing
pump energy for the same parameters as the PG-FROG measurements; c) simulated
spectral and d) time-domain energy scans for the same parameters as a) and b). b)
and c) are on a logarithmic scale and d) is on a linear normalised scale.

However, there are two additional observations that clearly point toward the genera-

tion of optical attosecond pulses in these experiments. The first is the consistent and
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excellent agreement between all of the experimental data and the numerical mod-

elling. This is demonstrated in Figure 5.6 and for the particular case of sub-cycle

self-compression in 5.7, where the measured spectral power density is reproduced by

numerical simulations, allowing to infer the temporal dynamics (Figure 5.7 d)). The

simulated and measured pulse profiles shown in Figure 5.7 a) are also in excellent

agreement despite the uncertainties of the measurement. The second observation

is that compression to a sub-cycle pulse is required for RDW emission to occur in

the VUV wavelength range. This can be understood from the cascaded four-wave-

mixing picture of RDW emission [67] in which all of the frequencies between the

RDW and the pump need to be present simultaneously. This can be seen in the

spectrograms in Figure 5.4 as well. For RDW emission in the VUV the simultaneous

presence of frequencies spanning up to 3 octaves is needed, which corresponds to a

sub-cycle pulse in the time-domain. The correlation between VUV RDW emission

and sub-cycle pulse generation has also been found in HC-PCF [24, 64]. Therefore,

the measurements of RDW emission across the VUV, shown in the following section,

also support the existence of such extreme pulse compression in HCF—in particular,

the parameters for the pulse self-compression to 1.2 fs in Figure 5.7 a) are the same

as for the emission of 130 nm RDW, shown in Figure 5.8 a).

5.3 Tunable VUV and DUV pulse generation

At the point of self-compression the soliton breaks up due to higher-order linear and

nonlinear effects, such as self-steepening, shock formation and higher-order disper-

sion [53, 57, 58, 130]. The higher-order dispersion induces resonant dispersive-wave

(RDW) emission, as discussed in Section 3.2 [8, 24, 57, 60, 61, 63, 65, 67, 130]. The

phase-matching condition for the RDW emission wavelength, given by Equation

(3.7), depends on the dispersion landscape and hence on the gas pressure and core

size. Figure 5.8 a) shows the experimentally measured tuning of RDW emission from

below 110 nm to 350 nm by changing the gas pressure in the 125 µm HCF pumped

with 10 fs pulses. Due to the larger core size in the HCF, the emitted pulses in the

VUV are up to 1000 times more energetic than obtained in HC-PCF, as shown Fig-
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ure 5.8 b). Even at the shortest RDW band, which spans 107–121 nm, the energy is

approximately 1 µJ. This increases to around 13 µJ near 180 nm, 16 µJ near 220 nm

and remains around 10 µJ until starting to decrease at 300 nm due to the lower

pump energy required at higher pressures. The estimated conversion efficiency to

the VUV ranges from 0.5% around 120 nm up to 5% around 170 nm and in the deep

ultraviolet (DUV, 200 nm to 300 nm) this increases to over 15%. While in some cases

these energies and conversion efficiencies are lower than predicted from numerical

simulations, up-scaling of the system as a whole could provide much higher pulse

energies at all UV wavelengths, as in Figure 5.3. The RDW emission process is

highly stable on a shot-to-shot and long-term scale, with a relative intensity noise

of 1.4% measured at the 252 nm RDW peak.

SP
D

 (a
.u

.)

0

1

En
e

rg
y 

(μ
J)

1

10

a) b)

Wavelength (nm)Wavelength (nm)
100 150 200 250 300 350 100 200 300

Figure 5.8: Tunable resonant dispersive-wave emission in helium-filled HCF. a) Mea-
sured RDW spectra from for filling gas pressures in the range from 230 mbar (shortest
wavelength spectrum ∼ 110 nm) to 4 bar (longest wavelength spectrum ∼ 350 nm).
b) Measured VUV to DUV pulse energies.

Similar results can be obtained in other gases with the pressure adjusted for their

different dispersion and nonlinearity. For example, Figure 5.9 a) shows the ex-

perimental RDW emission dynamics at 1 bar of neon (λzd = 550 nm). The RDW

wavelength changes from 275 nm to 225 nm as the pump energy increases from 60

to 200 µJ (from N = 2.3 to N = 4.3). This is a well-known effect arising from

the nonlinear contribution to the phase-matching [8, 132], also discussed in Section

3.2. Fig. 5.9 b) shows the corresponding numerical simulations, which once again

closely reproduce the experiment, including fine details at the −30 dB level over the

full range of the energy scan. Figure 5.9 c) shows the corresponding simulations in

the time domain. The RDWs in Figure 5.8 and Figure 5.9 are in the fundamental

mode of the HCF. Weaker RDWs in a higher-order mode (HOM) of the fibre, for

example the HE12 mode, are also generated and appear as additional features in
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the spectra (for, example a weak HOM-RDW can be seen in Figure 5.9 a) and b),

around 200 nm), at the corresponding phase-matched point [45].
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Figure 5.9: Spectral evolution at the output of the HCF for 10 fs pump pulses as a
function of input pulse energy for 1 bar neon: a) measurement and corresponding b)
spectral- and c) time-domain numerical simulation. a) and b) are on a logarithmic
scale and c) is on a linear normalised scale.

For comparing light sources, especially in the UV and x-ray spectral regions, an

important quantitative measure is the spectral brightness (or brilliance) [133] of the

source, which is the photon flux of a given wavelength per unit cross-sectional source

area per unit solid angle divergence:

Bspec =
NΦ

τAΩ∆λ0.1%

(5.13)

where NΦ is the number of photons, τ is the pulse duration (for a pulsed source),

A is the beam area, Ω is the solid angle divergence (for small angles Ω = πθ2,

where θ is the divergence angle), and λ0.1% is the 0.1% relative spectral bandwidth

(λ0.1% = 0.001∆λ
λ

). For a diffraction limited beam the brightness is the highest

since the lowest ratio between the beam size and divergence can be achieved. For

example, for a diffraction-limited beam with a Gaussian profile, the product between

the diffraction angle and the beam waist is θw0 = λ
π
. For a pulsed diffraction-limited

source this can also be expressed in terms of a peak power P0, using P0 ∝ E
τ

and

E = NΦ~ω, where E is the pulse energy and ~ω is the photon energy at frequency

ω:

Bspec =
P0

hcλ (∆λ/λ)
0.001

=
10−3

hc

P0

∆λ
, (5.14)

so diffraction limited sources at the same wavelength can be compared in terms of

peak power. For example, the relative bandwidth of the RDW emission in Figure
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5.3 c) is 10%, whereas the relative bandwidth of the FEL VUV emission (in the

wavelength range 95—105 nm) in Ref. [134] was 1%. Taking the relative estimated

peak powers of 6 GW and 1 GW for the RDW and FEL source respectively, the

brightness of the FEL source is approximately 2 times higher than the RDW emission

from the source presented here. It should be noted that the VUV spectral range is

not one in which FEL sources usually operate in, and that their true power is in

the x-ray. A FEL source dedicated to the VUV region is at Dailan Coherent Light

Source (DCLS) [135]. While it is predicted to reach pulse durations of 100 fs and

pulse energy of ∼ 1 mJ, it currently produces 1.5 ps pulses with ∼ 0.33 GW peak

power in a relative bandwidth of 0.06%, which results in a lower spectral brightness

than the above described RDW emission. Therefore, a soliton-based source can offer

comparable performance in the VUV range to FELs operating in this range.

5.4 Discussion

While post-compression can be optimised to produce high-quality single-cycle pulses

[136], shorter pulses require the use of multiple chirped-mirror sets [14, 131]. Soli-

ton self-compression offers a much less complex and lower-cost route to few- and

sub-cycle pulse generation. It can be used in any spectral region, whereas chirped

mirrors are designed and manufactured for a specific wavelength range. By re-

placing the conventional pre-compressor in our setup with an additional soliton

self-compression stage, as discussed in [137] or [138], the requirement for chirped

mirrors could be removed entirely. Two-stage HCF systems, as used here, have

previously been demonstrated for enhanced non-soliton spectral broadening in HCF

[90, 139]. Furthermore, soliton self-compression can be energy-scaled with the fibre

core size, the only cost being the increased fibre length required. This scaling can

offer a route to TW-level sub-femtosecond pulse generation, and to optical attosec-

ond pulses with higher energy than demonstrated in lightfield synthesizers [131].

The fission length in such a system is around 15 m, as shown in Figure 5.3 e) and f).

Using shorter pulses with 5 fs duration would halve the fission length to 7.5 m. Such

a length-scale is experimentally feasible and has been demonstrated in conventional
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compressors using 6 m long HCF [126].

Scaling soliton dynamics by two or more orders of magnitude in HCF can also be used

for soliton-driven RDW emission as a table-top source of tunable DUV/VUV pulses

with high energy and few-cycle duration. The DUV energies demonstrated here are

ten times higher than the best results from HC-PCF [72], and the VUV energies

demonstrated here are up to three orders of magnitude higher [24]. In both cases

the conversion efficiency was similar or higher than the previous demonstrations in

HC-PCF or that of other schemes for high-energy VUV generation [112, 140–142].

Furthermore, HCF is free of the guidance resonances which are inherent to HC-PCF

and which compromise the guidance of UV radiation and reduce the lifetime of

the waveguide. Schemes other than RDW emission, which have been demonstrated

previously, could not be tuned as widely, and usually produce VUV pulses that

were longer in duration. Recent experiments in HC-PCF have shown that RDW

emission in the DUV can be extremely short in duration, generating pulses as short

as 3 fs [17, 143]. Because of the good agreement that can be obtained between

the experimental results and numerical simulations, some properties of the RDW

emission can be inferred. For example, the VUV pulse generated in the simulations

in Figure 5.3 has a duration of just 1.8 fs at its shortest, with a corresponding peak

power of 6 GW, and further scaling would be possible in HCFs with bigger core

sizes.

The long fibre lengths required, along with the need to keep HCFs stretched to

avoid the high bending losses, make it impractical in many cases for a system to be

integrated in an already existing laboratories. It has been experimentally demon-

strated that the footprint of the system can be significantly reduced by using shorter

pulses, following from Equation (5.10). By using 6.3 fs duration pulses at 800 nm,

34 cm of HCF with core radius 75 µm or 15 cm of HCF with core radius 50 µm,

soliton self-compression and tunable RDW emission were shown [96]. Interestingly,

this study found that by using a shorter pump pulses, the pulses obtained through

RDW emission are also shorter.

Similar experiments in HCF have been performed using pump pulses at 1800 nm,
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produced by an optical parametric amplifier [17]. Sources of ultrashort pulses in

this spectral region are important for strong-field physics—using longer pump wave-

lengths, in the near- and mid-IR, it is possible to extend the photon-energy cut-off

of high-harmonic generation. The availability of few-cycle pulses in this spectral re-

gion also enables the generation of isolated soft-x-ray attosecond pulses. Although

compressing these IR pulses can be similarly performed in HCF-based compressors,

such as the first stage in the experimental setup in this thesis, the generation of a

single- or sub-cycle pulses is limited by the higher-order dispersion that cannot be

compensated by external optical elements. It was shown that soliton-compression

can be used for the generation of a 2.2 fs envelope-duration pulses at 1800 nm, and

that pumping a second soliton stage with such self-compressed pulses enables a

tunable RDW emission in the range from ∼ 200 nm to ∼ 750 nm, with conversion

efficiencies up to 10%. The properties of this source allow it to be integrated into

multi-color time-resolved specroscopic experiments.

UV light is very sensitive to broadening from propagation through materials, since

most materials are very strongly dispersive in this region. Additionally dispersion

compensation is not available in this region, so the only way to maintain a short

pulse duration in this spectral region is to avoid any added dispersion. It has been

demonstrated that using a negative pressure gradient in the HCF—where the output

of the fibre is kept in vacuum—can decrease the gas dispersion contribution along the

fibre and enable dispersion-free delivery to other experimental targets, while keeping

the overall dynamics broadly similar to the case where static gas-filling is used [17].

It has been shown that the dynamics can be migrated from a static to negative

gradient setup by scaling the gas pressure by 3/2, in order to maintain the same

nonlinear shift along the HCF. In addition to this, circularly polarised pump pulses

can be used to generate tunable circularly polarised RDW-UV pulses in the range

160–380 nm [16]. This provides further experimental tunability of the RDW emission

as an efficient UV generation scheme for different spectroscopic experiments.

Scaling soliton dynamics in HCFs—in particular the self-compression to high energy

sub-cycle pulses, and the generation of tunable high-brightness VUV and DUV
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pulses, but also the other associated dynamics, for example plasma-induced blue-

shift—shows that this source is a very promising new tool for ultrafast science,

strong-field physics, time-resolved spectroscopy, and nonlinear optics.
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Dispersion tuning of nonlinear

dynamics in gas-filled hollow

capillary fibres

The previous chapter showed that is is possible to migrate soliton effects to HCF and

thus scale the energy at which these dynamics and their corresponding output occur.

However, there exists a much wider and more varied range of dynamics in soliton

systems beside sub-cycle self-compression and RDW emission. Other phenomena,

already observed in HC-PCF, such as Raman-soliton effects [64, 144], soliton-plasma

dynamics [69], among others [5, 6, 145, 146], should be possible to observe in HCF

and used for precise modification of the output of those systems or for studying the

underlying physical processes.

This chapter shows an experimental investigation of the nonlinear dynamics of ul-

trashort laser pulses propagating in gas-filled hollow capillary fibres in different

dispersion regimes—from anomalous to normal—which are achieved by tuning the

HCF filling gas pressure. An experimental study of a large gas pressure and pump

pulse energy parameter space, corresponding to fundamentally different propagation

regimes, is carried out all within the same optical setup. Experimental results are

supplemented by numerical simulations, which allows to study the influence of dif-
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ferent physical processes on the characteristic features seen in different spectra and

how their contribution is affected by the dispersion landscape in which ultrashort

pulses are propagating. Section 6.1 discussed the dispersion parametrisation used to

quantify the dispersion in which the pump pulses are propagating. The experimental

results and corresponding numerical simulations are discussed in Section 6.2. When

the pulse propagates in the anomalous dispersion regime, soliton dynamics accom-

panied by soliton-plasma effects due to the partial ionisation of the filling gas by the

propagating pulse are observed, such as self-compression, resonant dispersive-wave

emission in the fundamental as well as in higher order modes, soliton blue-shifting

and ionisation-induced pulse splitting, which is discussed in Section 6.2.1. Propa-

gation of the pulse in the vicinity of the zero-dispersion wavelength results in pulse

splitting and subsequent cross-phase modulation leading to a frequency shift of part

of the pulse and generation of 3-octave broad supercontinua, discussed in Section

6.2.2. While for the most part, excellent agreement is achieved between experimental

results and simulations, for some of the experimental parameters used, in particu-

lar high gas pressures corresponding to the normal dispersion regime discussed in

Section 6.2.3, there are significant disagreements. The discrepancies between ex-

periment and simulation for pulse propagation in the normal dispersion regime are

attributed to significant self-focusing before the entrance of the fibre, which is sup-

ported by full-spatial simulations of the beam propagation before coupling to the

capillary.

All the data collection, simulations and analysis presented in this chapter were

performed by me. For the simulations presented here, I have used a numerical code

written by Prof. John C. Travers and Dr. Christian Brahms, which is described in

more detail in Section 2.4.
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6.1 Dispersion parametrisation in hollow capil-

lary fibres

The use of gas-filled HCFs in nonlinear optics is wide-spread, however most exper-

iments have used short lengths (. 1 m) of large-core diameter (& 250 µm) HCFs

pumped with relatively long femtosecond pulses (& 30 fs). For these parameters the

dispersion in capillaries can be justifiably neglected, since their dispersion signifi-

cantly decreases for larger core sizes, and it doesn’t critically influence the observed

dynamics. However, the effect of dispersion on the pulse propagation increases by

compounding this small effect over longer fibre lengths and by using shorter pump

pulses, for which dispersive effects are innately stronger because of their broader

bandwidth.

In this case, the pulse propagation and interaction with a gas medium is a complex

interplay between many linear and nonlinear effects, and the group-velocity disper-

sion (GVD) landscape can have a significant contribution to the overall dynamics

[5, 6, 53]. In particular, for observing soliton dynamics in fibres filled with noble

gases it is necessary that the pump pulses are propagating in anomalous disper-

sion. Although HCFs, as all hollow-core fibres, allow to easily tune the dispersion

by changing the filling gas pressure, they have the disadvantage of very high losses

for small core sizes, unlike hollow-core photonic crystal fibres (HC-PCF) used in

previous demonstrations of soliton effects. Despite this, by managing the fibre and

pump pulse parameters, it is possible to observe soliton dynamics in HCF, as shown

in the previous chapter and in [16, 17, 36, 96, 147].

In this work, the point of interest is the full range of nonlinear dynamics of a pump

pulse propagating in a wide range of dispersion landscapes. Dispersion tuning relies

on the characteristic GVD profile of gas-filled HCFs as a function of wavelength

and gas pressure, given by Equation (2.32). There are two contributions to the

dispersion in a gas-filled HCF—one due to the dispersion of the filling gas, and

one due to the capillary waveguiding, given by the the first and the second term,

respectively. The waveguiding dispersion of an evacuated capillary fibre is anomalous
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(β2 < 0) for all optical wavelength from the ultraviolet to the infrared region, while

the gas dispersion is normal (β2 > 0) in the visible range and can be controlled

by the gas pressure, shown in Fig. 6.1 a). Such a dispersion landscape can also

be parametrised by the zero-dispersion wavelength λzd (ZDW), the wavelength at

which the GVD is zero β2(λzd) = 0, and the pump wavelength λp. The ZDW can

be numerically found by using a zero-finding algorithm, since analytical form of the

propagation constant and the GVD for gas-filled HCF is known. For the dispersion

profile of HCF, this means anomalous dispersion for pump wavelengths longer than

the ZDW and normal dispersion for shorter pump wavelengths. In this chapter

argon was chosen as a filling gas, since a big tuning range of ZDW from 300 nm to

1300 nm can be achieved with practical pressures (from 9 mbar to 3.3 bar), as shown

in Figure 6.1 b). A practical advantage for the use of HCF for this study is that

lower gas pressures are needed overall, because the absolute value of the waveguide

GVD decreases for bigger core sizes, and thus lower gas pressures are needed to tune

the ZDW over a large wavelength range, whereas in HC-PCF 100s of bars would be

needed

While dispersion tuning is possible in all hollow-core fibres, the most important

property of HCFs for this study is their lack of guidance resonances, which are in-

trinsically present in structured hollow-core fibres, such as HC-PCF, and can com-

plicate the observed nonlinear dynamics [128, 148]. Even though these resonances

are spectrally localised, they modify the dispersion profile in which the pump pulse

is propagating and lead to phase-matching and generation of additional spectral

components or even impair soliton self-compression by introducing higher-order dis-

persion and breaking up the self-compressing pulse. Although nonlinear effects me-

diated by fibre resonances can be taken into account by finite-element modelling of

the fibre structure and using the exact dispersion in simulations, this adds additional

complexity to an already complex process.

As discussed previously, in media with positive nonlinear refractive index n2 and

anomalous dispersion, the propagation of ultrashort pulses results in the formation

of temporal optical solitons. An important parameter in this regime is the corre-

87



Chapter 6: Dispersion tuning of nonlinear dynamics in gas-filled hollow capillary
fibres

a) b)

Figure 6.1: Dispersion tuning in argon-filled HCF with 250 µm core diameter: chang-
ing the gas pressure from 28 mbar to 3.344 bar tunes the dispersion profile in which a
pump pulse at 800 nm is propagating from anomalous to strongly normal. The zero-
dispersion wavelength for the 3 argon pressures shown in a) is: 400 nm for 28 mbar,
800 nm for 467 mbar, and 1300 nm for 3.344 bar.

sponding soliton order, given by Equation (3.3), which is a measure of the balance

between the effect of SPM and GVD. Together with the ZDW, the soliton order can

be used as a measure of the dynamics in both the anomalous and normal regime,

which are dominated by SPM [149]. N is, however, not well defined close to the

ZDW, where Ld approaches infinity. Comparison of the dynamics in terms of (λzd,

N) is more general than in terms of pressure p and pump energy E (p, E), since it

naturally scales with fibre geometry, because even if using different fibre core sizes

and lengths, by adjusting for the filling gas pressure and pump pulse energy for the

same ZDW and soliton order, similar dynamics will occur [36].

6.2 Results

The experimental setup for the following experiments is described in Chapter 4. In

summary, pulses with duration of 10 fs are coupled in a second 3 m-long, 250 µm

core diameter stretched HCF filled with argon, where the pressure is varied from

7 mbar to 3.344 bar, tuning the ZDW in the range from 300 nm to 1300 nm. The

experimental data recorded is the spectrum at the output of the fibre at a set gas

pressure as a function of pump pulse energy. Spectra were recorded with 2 spec-

trometers (StellarNet BLACK-Comet-SR, measurement range 200 nm−1080 nm and

OceanOptics NIRQuest512, measurement range 900 nm−1700 nm), connected to an

integrating sphere (ThorLabs) and calibrated as a complete system over the entire
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measurement range (with spectrally calibrated deuterium and tungsten lamps). The

spectra from the two spectrometers are combined at 900 nm simply by scaling the

two recorded spectra to the integration times the spectrometers used and applying

the pre-measured calibration curve. No other post-processing is done; the output of

the HCF system is highly stable over the time necessary to record such an energy

scan (∼ 30 min).

The experiments are simulated numerically by propagating laser pulses over the en-

ergy range which is recorded in the experiment. If the experimental energy scan

and the simulated energy scan agree well, this allows to infer the propagation dy-

namics from the simulations. The simulation input energy and coupled energy have

been estimated from the vacuum transmission of the fibre. The simulations are

based on full-field multi-mode unidirectional pulse propagation code, more details

of which have been discussed in Section 2.4 and in the works [36, 45] and the refer-

ences therein. Analytical sech2-shaped pump pulses with duration 10 fs, based on

SHG-FROG measurements, and experimentally measured fibre and filling gas pres-

sure parameters are used. The excellent agreement between simulations of the pulse

propagation along the HCF and experimental measurements in most cases allow to

explain what are the underlying physical processes that lead to the observation of

certain features in the experimental spectra.

6.2.1 Pumping in the anomalous dispersion regime

First, at lowest gas pressures, the pump pulse propagates well into the anomalous

dispersion regime. As mentioned previously, this corresponds to a pump wavelength

longer than the ZDW of the gas-filled fibre, or a ZDW shorter than 800 nm. A

selection of experimental results and corresponding simulations are shown in Figure

6.2, which are chosen to represent some useful and well-studied soliton dynamics:

self-compression [5, 150], soliton-plasma interactions [9, 46, 47, 73] and emission

of resonant dispersive-wave (RDW) radiation in the fundamental and higher-order

modes (HOM) [45, 138]. While all of the observed effects have been studied else-

where in the literature on the platform of HC-PCF or anti-resonant fibres, here
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the variety of possible dynamics is outlined and emphasised how small differences

in dispersion, via the filling gas pressure, can have very significant impact on the

observed dynamics.

The ZDW was tuned from approximately 400 nm to 600 nm by changing the filling

gas pressure from 28 mbar to 143 mbar, and together with scanning the energy of the

pump pulse coupled in the HCF. Figure 6.2 a)-c) show experimental results, and d)-f)

show simulations in the spectral domain and g)-i) in the time domain. The dynamics

with 28 mbar Ar filling pressure in Figure 6.2 a), d) and g) are typical for soliton-

plasma interactions in the low soliton order regime—the observation of blue-shifting

soliton, ejected from the pump pulse, that shifts from 800 nm to approximately

600 nm in the spectral domain and accelerates (moves to negative delays) in the

time domain. The regime of soliton-plasma interaction is of significant practical

interest, as previous studies have identified these dynamics as an efficient way to

obtain tunable ultrashort pulses in the visible and near-IR spectral regions [151–153].

Another process associated with the dynamics of self-compressed solitons is resonant

dispersive-wave (RDW) emission. This is a phase matched process, and as such it

strongly relies on the dispersion profile in a much wider range than just around

the pump wavelength, to determine the wavelength at which the emission will take

place. Although simulations for this filling gas pressure show the emission of resonant

dispersive-wave (RDW) below 200 nm, this was not covered by the measurement

range. By increasing the filling gas pressure to 66 mbar, shown in Figure 6.2 b),

e) and h), the phase-matching wavelength is tuned to longer wavelengths and the

RDW emission can be experimentally measured at around 210 nm. This RDW are

emitted in short pulses, supported by simulations and other experimental studies

[15, 143] and are a promising technique to generate tunable ultrafast radiation in

the deep and vacuum ultraviolet spectral regions by tuning the filling gas pressure.

However, since it is emitted at a wavelength in the region of normal dispersion of

the gas-filled HCF, it usually quickly broadens, and its duration at the output of

the fibre is longer than the Fourier-limited duration. This can be counteracted by

using negative pressure gradients (pressure at the input of the fibre, vacuum on the
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Figure 6.2: Experimental and simulated energy scans of pump dynamics in anoma-
lous dispersion regime: a) - c) experimental output spectra, d) - f) simulated output
spectra, g) - i) simulated temporal profiles for a range of different pump energies,
at 3 different Ar filling pressures: a), d), g) - 28 mbar; b), e), h) - 66 mbar; and c),
f), i) - 143 mbar, corresponding to ZDWs (indicated by a vertical dashed grey line
in a)-f)) of 400 nm, 500 nm and 600 nm, respectively. The left y-axis in a)-i) is in
terms of pump pulse energy and the right y-axis is the corresponding soliton order
N .

output of the fibre), to reduce the gas dispersion along the length of the fibre and

to keep the RDW’s short duration [17]. Further increasing the filling gas pressure

to 143 mbar, shown in Figure 6.2 c), f) and i), leads to the emission of RDW in

the higher-order mode (HOM) HE12, which has not been excited initially, below

250 nm. The emission wavelength of the HOM-RDW is shorter than the RDW in

the fundamental mode (325 nm to 250 nm depending on the pump energy). The

emission of RDWs happens around the point of soliton self-compression, because it

relies on the spectrum of the self-compressed soliton extending to the phase-matched

wavelength of the RDW, so that it can transfer energy to it [65]. At the point of self-

compression, with the increase of peak power, spatial effects, such as self-focusing

and ionisation-induced reshaping in the fibre, can lead to excitation of higher-order

modes [45]. This is different than a RDW being emitted from a self-compressing

pulse, which propagates in a HOM. The HOM-RDW inherits the spatial profile of
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the mode in which it is generated, which may be a useful way to generate short

wavelength radiation with a specific spatial profile. A significant portion of the

pump pulse energy can be observed to shift to longer wavelengths after the initial

self-compression; this is known as soliton recoil [53, 67]. For example, for an input

pulse energy of 275 µJ, corresponding to the highest energy in the measurements,

spectral filtering in the range 950 nm-1400 nm shows that this part of the output

corresponds to a 25 fs chirped pulse, centered at 1200 nm, carrying 24 % (25 µJ)

of the output energy. Another interesting observation to note, is that soliton-self

compression is cleanest and maintained for the largest range of input energies for

pulses experiencing ionisation-induced blue-shift. This can be seen in Figure 6.2

g), by comparing the temporal dynamics in Figure 6.2 g)- i) for three gas pressures

shown.

One of the most promising applications of systems operating in the soliton regime

is their use for pulse compression and generation of optical transients. Optimi-

sation conditions for achieving subcycle optical transients are discussed in [122].

To summarise—to achieve the shortest possible pulse, a broad range of anomalous

dispersion is needed to support the solitonic propagation and dynamics without per-

turbations to RDW emission, high peak power so that self-steepening and plasma

formation enhance the blue side of spectral broadening, but not high enough to

cause very high ionisation losses, pulse break-up or modulation instability. Soliton

compression has also been discussed in other works, including optimisation of the

soliton order to achieve best self compression. However, even when keeping the soli-

ton order the same, different compression and different dynamics can be achieved

based on different dispersion landscapes, as shown in Figure 6.3. Figure 6.3 a) shows

the temporal profile of the pulse at the output of the HCF for the same soliton order

N = 2.4, albeit different pulse energy, obtained from simulations and Figure 6.3 b)

shows the corresponding spectra. In all three cases the pulse self-compresses to a

full-width half-maximum envelope duration below 2.5 fs—1.22 fs for 28 mbar, 1.59 fs

for 66 mbar and 2.44 fs for 143 mbar filling gas pressure. Although the cleanest and

shortest self-compressed pulse is observed in the case which can be clearly associated
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a) b)

Figure 6.3: Difference in the self-compression for the same soliton order N = 2.4 at
the output of the HCF, but different ZDWs - 400 (28 mbar Ar), 500 (66 mbar Ar)
and 600 nm (143 mbar Ar).

with ionisation-induced blue-shifting soliton, more influential for the good compres-

sion quality is the fact that the ZDW is further away from the soliton and there is a

wider spectral window where the soliton can self-compress without the perturbation

of phase-matched resonant dispersive wave emission.

6.2.2 Pumping near or at the zero-dispersion wavelength

Quite different propagation dynamics occur when the pump pulse is propagating

near or at the ZDW of the gas-filled HCF. When using shorter pulses, which have

a broader bandwidth (e.g. 10 fs pulse at 800 nm has a transform-limited bandwidth

of approximately 100 nm), the variation of the dispersion around the ZDW, corre-

sponding to the higher orders of the dispersion expansion, matters. Some of the

experimental results and simulations are shown in Figure 6.4. The filling argon

pressure was varied between 359 mbar (Figure 6.4 a) and d)) and 598 mbar to tune

the ZDW from 750 nm (Figure 6.4 c) and f)) to 850 nm, with 467 mbar filling Ar

pressure corresponding to ZDW of 800 nm (Figure 6.4 b) and e)). It can be seen that

the experimentally measured dynamics as a function of pump energy are very simi-

lar in all three cases. Three-octave spanning supercontinua can be achieved in this

regime and the shift of a significant part of the spectrum to longer wavelengths is

notable. The major part of the observed dynamics are happening in the fundamen-

tal mode, even though, in this parameter range, a lot of capillary modes are excited

and the narrow-band radiation below 400 nm is emitted in a HOM. However, there

is an increased discrepancy between the simulations and the experimental measure-
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Figure 6.4: Experimental and simulated energy scans of the pump dynamics close to
zero dispersion: a)-c) experimental output spectra, d)-f) stimulated output spectra
for a range of different Ar filling pressures: a), d) - 359 mbar; b), e) - 467 mbar; and
c), f) - 598 mbar, corresponding to ZDWs (indicated by a vertical dashed grey line
in a)-f)) of 750 nm, 800 nm and 850 nm, respectively.

ments, even though the overall trends are recovered. Particularly, simulations show

an increased transfer of energy to wavelengths around 400 nm in Figure 6.4 d)-f).

Insight into the dynamics of the generation of this spectral band can be obtained

from spectrograms, which show the connection between the temporal and spectral

domain [53]. Spectrograms at different points along the propagation along the HCF

for 160 µJ pump energy, 467 mbar Ar pressure are shown in Figure 6.5 for 3 different

positions: 0.2 m in a), 1 m in b), and 3 m in c), which allows to extract the sequence

of dynamics that lead to the emission of this radiation. It can be seen from Figure 6.5

a) that initially the pulse broadens due to SPM, which leads to two parts of the pulse

propagating in different dispersion regimes—normal for wavelengths shorter than the

ZDW at 800 nm and anomalous for longer wavelengths—while their group velocities

remain similar, similarly to previous studies of pulse propagation near the ZDW of

a fibre [154]. Further along the pulse propagation, after 1 m as shown in Figure

6.5 b), the two parts of the pump pulse propagating in opposite dispersion interact

through cross-phase modulation (XPM) and the radiation at approximately 400 nm

starts being emitted. At the output of the fibre, at 3 m in Figure 6.5 c), the band of

newly generated short-wavelength radiation is temporally well separated from the

rest of the pump, since it has lower group velocity and is delayed with respect to
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a) b) c)

0.2 m 1 m 3 m

Figure 6.5: Spectograms of the propagation dynamics of 160 µJ pulse in 467 mbar
Ar-filled HCF calculated using a 4 fs gate pulse a) after 0.2 m of propagation along
the fibre, with an inset of the spectogram at the input, b) after 1 m of propagation,
c) after 3 m of propagation at the output of the HCF. The horizontal line indicates
the ZDW, which is 800 nm.

the rest of the pulse. This sequence of dynamics is discussed by Skryabin and co-

workers [155], who suggest that the part of the pulse that remains in the anomalous

dispersion region forms a soliton (fundamental or higher-order). However, it can be

observed in simulations that this part of the pulse does not exhibit soliton properties,

so formation of a soliton in the anomalous dispersion regime is not necessary for

the second stage of the propagation dynamics, in which the now-separated pulses

interact with each other through cross-phase modulation (XPM). In recent years,

XPM has been considered analogously to an event horizon effect [156] or as temporal

reflection [157]. Temporal reflection of a probe pulse off a soliton, has previously

also been suggested as a mechanism for generation of octave-spanning supercontinua

[158] and similar propagation dynamics have recently been observed experimentally

in solid-core fibres in the mid-IR region [159]. Recently, a unified description of

these effects as front-induced transitions has also been given [160].

To supplement this explanation, a toy model is used for the second phase of the

dynamics. The propagation dynamics have been simulated and compared to a pump-

probe model of temporal collision in Figure 6.6. Figure 6.6 a) and b) show the

spectral and temporal dynamics of pump pulse with FHWM duration of 10 fs, at a

central wavelength of 800 nm, with 160 µJ pulse energy in a 125 µm core radius HCF

length of 3 m, filled with 467 mbar Ar. Figure 6.6 c) and d) shows the spectral and

temporal dynamics of a two 10 fs FWHM duration pulse input—the probe pulse (also

referred to as “dispersive-wave”) with central wavelength of 600 nm and 5 µJ pulse

energy, and the pump pulse (also referred to as “soliton”) with central wavelength of
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1400 nm and 20 µJ pulse energy. The second pulse is initially delayed with respect to

the first pulse by 50 fs. They are propagated in a HCF of the same core radius, and

same filling gas pressure, but a longer length of 10 m and neglected guidance losses, so

that they can collide with one another given their small difference in group velocity.

The pump pulse in this toy model corresponds to the part of the pulse, which is

shifted to the anomalous dispersion regime (longer than the ZDW) after the initial

SPM step, and the probe pulse corresponds to the part of the pulse that shifts in the

normal dispersion region. The side on which the pulses’ XPM interaction happens

is very important (leading or trailing edge of the pulses), because it determines

whether the probe pulse will be blue- or red-shifted. The blue-shifted part of the

spectrum of the probe pulse appears after the two pulses collide in the time domain.

This blue-shifted part appears to be reflected from the pump pulse in the temporal

domain. Although there are some significant differences between this toy model and

the actual dynamics, some of the major qualitative features are captured, and it

supports the proposed sequence of evolution of a ultrashort pulse propagation near

the ZDW of HCF.

6.2.3 Pumping in the normal dispersion region

Lastly, with a further increase in the filling gas pressure, the ZDW shifts into the

infrared region and the pump pulse propagates in the normal dispersion regime.

This regime has been previously used in capillary compressors for broadening the

pulse through SPM, where a small amount of normal dispersion has been attributed

to help achieve a more uniform spectrum [89]. However, significant additional dis-

persive pulse duration broadening arrests SPM broadening and the pulse propa-

gates purely linearly, continuing to simply broaden due to the normal dispersion

[35]. Experimental results for 934 mbar, 1.703 bar and 3.344 bar filling Ar pressures

are shown in Figure 6.7. They correspond to ZDWs in the range from 950 nm to

1300 nm. The experimental results still show significant spectral broadening, which

starts to decrease with increasing gas pressure. However, in this regime the usual

simulations do not qualitatively represent the data well, which suggests that some
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Figure 6.6: Comparison of the propagation dynamics with toy model: a), b) the
simulated spectral and temporal evolution during propagation of a 10 fs, 800 nm,
160 µJ in a 125 µm core radius HCF and length of 3 m, filled with 467 mbar Ar
(corresponding to the used experimental geometry). c), d) the simulated spectral
and temporal dynamics of two pulse collision (pulse 1, “DW” (dispersive wave) : 10 fs
FWHM duration, central wavelength 600 nm, 5 µJ pulse energy; pulse 2, “soliton”:
10 fs FWHM duration, central wavelength 1400 nm, 20 µJ; pulse 2 is initially delayed
with respect to pulse 1 by 50 fs) in a HCF of the same core radius, and same filling
gas pressure, but a length of 10 m (the loss of the fibre has been ignored in this
case). “XPM”: pulse reflected due to XPM.

of the assumptions used are no longer justified.

a) b) c)

Figure 6.7: Experimental energy scans of the pump dynamics in normal dispersion
regime. Output spectrum as a function of coupled pulse energy for: a) 934 mbar
Ar, ZDW 950 nm; b) 1.703 bar Ar, ZDW 1100 nm; c) 3.344 bar Ar, ZDW 1300 nm.
The corresponding ZDWs are indicated by a vertical dashed grey line in a)-c). The
left y-axis in a)-c) is in terms of pump pulse energy and the right y-axis is the
corresponding soliton order N .

One such assumption is that all of the pump energy is coupled into the fundamental

fibre mode. Even though capillaries are inherently multimode fibres, this assumption

is justified if the correct focusing geometry is used. However, it is possible that
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the pulse experiences self-focusing even before it is coupled in the fibre, which can

change the spatial beam profile and thus lead to coupling to higher-order modes

at the input of the HCF. Indeed, we do exceed the critical peak power for self-

focusing [26] in this regime, however there is some disagreement on what actually

this power is for ultrashort pulses propagating in normal dispersion [27, 161]. In

order to gain better understanding of how much the beam is modified spatially and

spectrally, full-spatial simulations of the pulse propagation inside the input cell to

the fibre input were performed. This was done only for a propagation distance of

40 cm, rather than the full distance of 92 cm between the input gas cell window

and the HCF input, since the beam needs to reach high enough intensity before

the nonlinear effects start to pay a role. As input for these simulations, a Gaussian

beam free from aberrations was used, with beam size back-calculated from the fibre

input beam size, with nominal beam waist of 80 µm. In order to preserve spatio-

spectral dependencies, instead of the normalised overlap integral, Equation (2.30),

a non-normalised version is used instead to calculate the modes êj that would be

excited by the full-spatial electric field at the input of the fibre:

ηj(ω) =

∫ 2π

0

∫ ∞
0

rdrdθE(r, θ, ω) · ê∗j(r, θ), (6.1)

which gives us the frequency- and time-dependent modal excitation for a chosen

number of modes. Up to 6 modes were included in the simulations—HE1m modes

with m = 1, ..., 6. The excitation of modes with m > 6 was found to be negligi-

ble. The field in these modes is then used for multi-modal propagation simulation

through the HCF, similarly to the pure fibre propagation discussed earlier. The

spatial and spectral modification of the pump beam with increasing energy, propa-

gating in a gas cell filled with 1.703 mbar Ar, is shown in Figure 6.8. Figure 6.8 a)

shows the spatial profile of the spectrally integrated beam. Significant focusing is

observed with increasing pump energy, compared to the low-energy regime, where

the beam does not experience self-focusing. This is accompanied by additional SPM

that spectrally broadens the beam, shown in Figure 6.8 b), and a small temporal

broadening of the pulse (to ∼ 12 fs) due to the normal gas dispersion. The decrease
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c) d)

dB

Figure 6.8: Simulation with and without free-space propagation before the input
of the fibre and modal decomposition for 1.703 bar filling Ar pressure: a) without
free-space propagation, all of the input energy coupled in the fundamental mode,
b) with free-space propagation and overlap of the free-space-propagated beam with
fibre modes. c) The energy coupled in each mode from HE11 to HE16 at the input
of the fibre, and energy used for the simulations without free-space propagation
(grey dashed line). d) Output energy from both the simulations with and without
free-space propagation and the experimentally measured output energy.

of the beam size at the input of the HCF causes progressively higher coupling into

HOMs as the pump pulse energy is increased.

A comparison of fibre propagation simulations without and with including the free-

space propagation for 1.703 bar Ar pressure is shown in Figure 6.9. Figure 6.9 a)

shows a simulated energy scan for the same parameters as the experimental energy

scan shown in Figure 6.7 b). In comparison to that the results in Figure 6.9 b)

are obtained by initially propagating the pulse from the input gas cell window to

the fibre input and then use the modified spatio-temporal beam profile to couple

to the fibre modes. Figure 6.9 c) shows how much energy is coupled to each mode

and Figure 6.9 d) shows the output energy from both of the simulations and of

the experimental energy scan. While there is increased coupling to HE12 mode

for pump energies above ∼ 50 µJ, the coupling to HOM from HE13 to HE16 never

exceeds 5 µJ at the input of the fibre. The stabilisation of the total input energy to
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a) b)

Radial coordinate (μm)

Figure 6.9: Simulation of the free-space propagation before the input of the fibre
and modal decomposition for 1.703 bar filling Ar pressure: a) spatial profile of the
spectrally integrated beam, b) spectral broadening of the beam on axis.

about 100 µJ in the case of free-space propagation and the output energy to ∼ 60 µJ

in both the cases with and without free-space propagation, suggest that intensity

clamping due to ionisation might play a role [162]. This should be confirmed by

further work, comparing the dynamics with and without including ionisation. For

these simulations an extended temporal window of 3 ps has been used (1 ps time

window has been used for all previous simulations). The time window determines

which frequencies can be modeled accurately, since in certain cases, depending on

when a spectral component is emitted and what is its group velocity, it can run off

and be lost from the simulation. This problem is most pronounced for wavelengths

far away from the pump, because they have significantly different group velocity

than the reference frame.

While neither of the simulations agree sufficiently well with experiment, this is not

surprising as this is a regime with complex spatio-temporal coupling. The biggest

discrepancy between the simulations and experimental results is in the IR region,

where the simulations significantly overestimate the spectral broadening. Some pa-

rameter adjustment might be needed to get the right correspondence between exper-

iment and simulation. In this study the aim has been to use just the best estimated

parameters available directly from the experiment—the coupling efficiency calcu-

lated from vacuum transmission and the measured pulse duration. Another possible

reason for the discrepancy is that the beam available in experiments is also not a

perfect aberration-free Gaussian beam. Asymmetry in the beam profile will have an

effect on the details of self-focusing and lead to the excitation of many higher-order
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modes.

6.3 Conclusions

While comparison of dynamics in terms of zero-dispersion wavelength and soliton

order, (ZDW, N), is more general than in terms of pressure and energy, (p, E), it

still cannot account for dynamics due to ionisation and plasma formation by the

pulse, which differs between gases, having different ionisation potentials, or spatial

effects [5, 163]. As discussed in the previous section and in [36], plasma and spatial

effects can limit the maximum soliton order that is “usable”. In addition to that,

using noble gases with lower Ip (such as argon, krypton, or xenon) leads to higher

ionisation for the same parameters than in noble gases with higher Ip (such as

helium and neon). This can be seen in Figure 5.2 b), which shows the maximum

soliton order that can be used to avoid excessive ionisation depending on the ZDW.

The Figure shows that the maximum soliton order for argon is lower than that for

helium, with bigger difference for ZDWs longer than the central wavelength of the

pump pulse. On the other hand, Figure 5.2 a), where the maximum usable soliton

order to avoid excessive HOM-coupling due to self-focusing is plotted, shows that

there is essentially no difference between the limits to soliton order for argon and

helium. This is because it depends on the difference between the dispersion at the

ZDW and that at the pump, which is kept the same in both gases when the pressure

is adjusted accordingly. Hence, using lighter noble gases is advantageous in terms of

the maximum energy that can be used in any regime. Soliton order has been used

to compare dynamics in both the anomalous and normal dispersion regimes, not

because it is possible for the pump pulse to form solitons when it is propagating in

normal dispersion, but as an estimate for the strength of the effect of nonlinearity

versus the effect of dispersion [149].

While the dynamics in certain regimes have complicated spatio-temporal coupling,

they are still of interest for applications and research. Multimodal propagation

has continuously attracted scientific interest, with studies of multi-mode solitonic
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structures in the anomalous dispersion regime [121], multi-dimensional molecular

interactions [164], self-collapse and multi-mode self-compression [165] among others.

It is shown here, that in certain situations it may be important to include the free-

space propagation of the pump pulse before the entrance to the fibre and using

a multimodal input for the HCF propagation. All of the presented dynamics are

scalable to lower or higher energies, using the scaling laws derived in [36].

The work in this chapter has shown that the nonlinear dynamics of ultrashort pulses

propagating in HCFs can be extremely sensitive to dispersion, and that the disper-

sion in HCFs cannot be ignored, especially when using short pump pulses and long

fibre lengths. The different dispersion at the pump gives rise to qualitatively dif-

ferent regimes, which can be continuously transitioned between by simply adjusting

the filling gas pressure. While these dynamics are established in other systems, such

as hollow-core PCF, they have never been observed in HCF before, or at such high

energy. All of these dynamics are interesting and useful for different applications.
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Limits for VUV resonant

dispersive wave emission

In the previous chapters, the emission of resonant dispersive waves (RDW) during

soliton self-compression dynamics in gas-filled hollow-core fibres has been demon-

strated as a method for the efficient generation of tunable short pulses in the DUV

and VUV. The advantages which distinguish it from other generation schemes are

that it can be used to generate ultrashort pulses (for example with duration of

just 3 fs), which are broadly tunable simply through the filling gas pressure, and its

relatively high conversion efficiency (up to 15 % in some cases). Since few optical

components are available in the UV spectral range, another advantage of the RDW

emission process is the ability to imprint a variety of different properties on the gen-

erated radiation, such as circular polarisation, different bandwidth and higher-order

mode spatial profiles.

Since RDW emission has the potential to be very useful for so many applications,

it is important to understand the extent of tunability of this type of source. It was

recently demonstrated that tunability through the whole visible and DUV ranges

can be achieved by using a IR pump at 1800 nm [17]. However, the shortest RDW

emission measured so far is 120 nm in He-filled in HCF and in H2-filled HC-PCF [64].

In addition, RDW emission has been observed in previous studies [150] to show a
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clear trend with different gases, where the shortest wavelength generated in different

gases decreases with decreasing noble gas weight. This brings into question whether

there exists a physical limit to the shortest wavelength that can be generated through

RDW emission or if this observation is just a case of incomplete data.

In this chapter, the observation that lighter gases allow for RDW emission at shorter

wavelengths is experimentally confirmed. First, a short summary of the different

schemes that exist for the generation of VUV radiation is given in Section 7.1.

The experimental results and numerical simulations are summarised in Section 7.2.

Finally, in Section 7.3 a number of possible hypotheses for this observation are iden-

tified and investigated using a combination of experimental and numerical results.

The RDW emission cut-off is attributed to the effect of ionisation and plasma for-

mation on the pulse dynamics inside the fibre. However, this work is still underway,

as possible ways to extend the cut-off need to be investigated.

All the data collection, simulations and analysis presented in this chapter were

performed by me. For the simulations presented here, I have used a numerical code

written by Prof. John C. Travers and Dr. Christian Brahms, which is described in

more detail in Section 2.4.

7.1 Schemes for generation of radiation in the

VUV spectral region

A variety of different methods exist for the generation of coherent UV radiation.

Usually they rely either on discrete nonlinear frequency mixing schemes or large-

scale synchrotrons or free-electron lasers. In particular, methods that use frequency

mixing or harmonic generation suffer from low efficiency and are usually quite elab-

orate. In the VUV, significant additional difficulties arise because most solid-state

materials are not transparent in this range, so typical discrete nonlinear frequency

mixing schemes cannot be employed, except when using exotic nonlinear crystals

[166] or nanomembranes [167]. Solid-core fibres suffer from the same problem—

their strong material absorption in the UV leads to damage and loss of performance
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for wavelength < 380 nm, which is only somewhat overcome by the use of speciality

glass fibres such as ZBLAN (down to ∼ 200 nm) [168].

The low efficiency stems from the fact that a cascade of different frequency con-

version processes has to be employed to reach the VUV region. Usually these

experiments are pumped by two colours—the fundamental (the laser frequency)

and a second- or higher-harmonic pulse. They are also not very tunable, except

by tuning the fundamental frequency. High energies in the VUV can be produced

only by starting with an exceptionally powerful first stage. For example, the gen-

eration of 6.4 µJ at 133 nm in an argon gas jet requires the use of a 25 mJ, 50 fs

pump laser [142]. While pulses with sub-2 fs duration in the DUV can be pro-

duced through third-harmonic generation[169], in general other schemes to generate

DUV and VUV produce pulses with duration of 10s of femtoseconds. The efficiency

of cascaded frequency mixing can be improved by using argon-filled HCF [112] or

xenon-filled HC-PCF [170] instead of a gas jet. Resonance enhancement has also

been investigated as a way to improve the efficiency of frequency mixing schemes,

but this needs a pump at a specific UV wavelength to resonantly populate an excited

state, for example at 212 nm in krypton [171].

Alternatively, low harmonic orders from high-harmonic generation are sometimes

also used for this range. A low-order HHG source that generates wavelengths of <

120 nm synchronised to FEL beam has been recently demonstrated [172]. The HHG

stage is pumped by a CEP-stable 15 fs, 800 nm, 225 µJ source at 100 kHz. However,

as is common for HHG-based sources, the VUV radiation generated in this work has

efficiency on the order of 10−7 and an estimated energy of ∼ 0.1 nJ. Regardless of

the low efficiency, this combined source provides an exciting opportunity VUV-XUV

pump-probe experiments.

The highest energy in the VUV spectral range currently has been achieved by free-

electron lasers [134, 135]. However, this is not a region in which FELs usually

operate—they are usually specifically constructed for operation in the soft or hard x-

ray regions. The one exception is the DCLS FEL which is constructed specifically for

operation in the VUV region. FELs and synchrotrons rely on beams of accelerated
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electrons, which pass through wigglers and undulators, and the acceleration they

get on the curved orbits though these lead them to emit short wavelength radiation.

FELs provide means of generating radiation that simply cannot be made any other

way, in terms of spectral region coverage and brightness. However, they are facility-

scale machines, which require big government investments and can only offer limited

beam-time for the many experiments that need to use the FEL’s radiation.

7.2 Experimental results and simulations

This part of the work uses the same experimental setup as previously—10 fs-long

pulses with variable energy are coupled into a 3 m-long HCF with inner core radius

of 125 µm. The HCF was filled with different noble gas species and the gas pressure

was varied while recording the output VUV and visible spectra as a function of

pump energy.

As mentioned previously and shown experimentally in Chapter 5, the phase-matching

condition for the RDW wavelength, given by Equation (3.7), can be easily tuned

by the gas pressure. A summary of the tunability of RDW in different noble gas

species is shown in Figure 7.1. These RDW spectra are taken for input pump energy

corresponding to N ≈ 2. It can be seen that, by decreasing the filling gas pressure,

the RDW emission tunes to wavelengths ∼ 120 nm for helium and neon, but only

to ∼ 160 nm for argon and ∼ 180 nm in krypton. These wavelengths can be inter-

preted as a cut-off of the RDW emission process, because even with increasing the

pump energy shorter RDW were not measured for lower gas pressures (VUV signals

become comparable with the dark signal of the spectrometer).

The noble gases have the highest ionisation potential of all other atoms in their chem-

ical period and their ionisation potential decreases with increasing period (IHe
p >

INe
p > IAr

p > IKr
p ). The trend observed in RDW wavelength cut-off is reminis-

cent of the trend of the ionisation potentials of the different noble gas atoms. The

minimum measured RDW wavelength in the different gases is compared to the cor-

responding gas ionisation potential via the two-photon ionisation (TPI) wavelength,
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Figure 7.1: Experimental RDW spectra as a function of filling-gas pressure in the
DUV and VUV region generated in HCF filled with different noble gases: a) He-
filled, b) Ne-filled, c) Ar-filled, d) Kr-filled. The x-axis range is not matched for
the different gases, because the measurement has been taken over different spectral
ranges.

λTPI = hc (Ip/2)−1, in Figure 7.2. The cut-off RDW wavelength for different gases

follows the same trend as observed previously in the literature [150], but the exact

wavelength for each gas is lower than what has previously been observed. While

there appears to be a correlation between the two, this does not necessarily imply

that there is a causal relationship between them. However, other works have shown
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that the blue extension of supercontinua generated in bulk materials increases for

materials with higher-energy electronic resonances in the UV, which is directly re-

lated to their ionisation potential [173]. In Figure 7.2 there is a slight discrepancy

in the data point corresponding to the observed RDW cut-off in helium, but there

is reason to believe it is due to the experimental challenges arising when working in

this spectral region, which will be discussed later.

Figure 7.2: Shortest-wavelength experimentally measured extend of RDW spectra
for different gas species used for gas-filling of HCF. The points show the peak position
of the shortest-wavelength RDW, clearly observable above the measurement noise.
The horisontal lines represent the two-photon ionisation wavelengths for each gas,
based on their experimental ionisation potential.

When trying to understand the physical origin of this cut-off, it is important to look

at the dynamics over the entire spectral range in which they occur, because the dy-

namics of the RDW emission are intrinsically coupled to those of the pump. Figure

7.3 shows a measurement of the different dynamics of the RDW in the DUV and

VUV and the associated pump soliton dynamics in the visible for different pump en-

ergies and different argon filling pressures. For the highest pressure of 99 mbar (cor-

responding to a ZDW of 550 nm), typical soliton dynamics with self-compression,

recoil and a blue-shifting RDW with pump energy can be seen. Decreasing the

pressure to 61.3 mbar (ZDW 490 nm), stabilisation of the RDW at a wavelength

of ∼ 210 nm can be seen as well as spectral fringes for the high end of the pump

energy, which is a signature of ionisation-induced pulse splitting. The lowest two
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pressures, 31.7 mbar (ZDW 420 nm) and 20.5 mbar (ZDW 380 nm), give rise to sim-

ilar dynamics—soliton blue-shift to ∼ 600 nm and corresponding red-shift of the

RDW emission wavelength for increasing pump energies. The VUV signal progres-

sively decreases for decreasing argon filling pressure and is almost at the same level

as the spectrometer dark signal for 20.5 mbar, shown in Figure 7.3.

a) b)

c) d)

e) f )

61.3 mbar Ar

31.7 mbar Ar

99 mbar Ar 99 mbar Ar

61.3 mbar Ar

31.7 mbar Ar

g) h)

20.5 mbar Ar 20.5 mbar Ar

dBa.u.

Figure 7.3: Experimental energy scans in the VUV and visible for a 10 fs pump pulse
in a HCF filled with: a) and b) 99 mbar Ar (ZDW 550 nm); c) and d) 61.3 mbar
Ar (ZDW 490 nm); e) and f) 31.7 mbar Ar (ZDW 420 nm); g) and h) 20.5 mbar Ar
(ZDW 380 nm). The UV data is plotted on a linear scale and the visible spectral
range data is plotted on logarithmic scale.

A similar progression can be seen when using neon for filling the fibre, shown in

Figure 7.4. In this set of data it can also be seen how decreasing the pressure from
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403 mbar (ZDW 440 nm) to 93 mbar (ZDW 310 nm) pressure leads to the creation

of a blue-shifted soliton and the red-shift of the dispersive wave, even though the

emission reaches ∼ 120 nm.

93 mbar Ne93 mbar Ne

147 mbar Ne

267 mbar Ne

403 mbar Ne 403 mbar Ne

147 mbar Ne

267 mbar Ne

a) b)

c) d)

e) f )

g) h)

Wavelength (nm)

a.u. dB

Figure 7.4: Experimental energy scans in the VUV and visible for a 10 fs pump pulse
in a HCF filled with: a) and b) 403 mbar Ne (ZDW 440 nm); c) and d) 267 mbar Ne
(ZDW 400 nm); e) and f) 147 mbar Ne (ZDW 350 nm); g) and h) 93 mbar Ne (ZDW
310 nm). The UV data is plotted on a linear scale and the visible spectral range
data is plotted on logarithmic scale.

The experimental data recorded for the case of argon filling is compared with sim-

ulations in Figure 7.5. The overall agreement is very good, however it appears that

the ionisation is overestimated, because of the stronger blue-shift around the pump

and red-shift of the RDW. In the simulations the RDW emission wavelength does
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not reach below 180 nm even for lower argon pressures than used in experiments,

such as 14.3 mbar (ZDW 350 nm) shown in Figure 7.5 i).

a) b)

c) d)

e) f )

g) h)

i) j)

14.3 mbar Ar

20.5 mbar Ar

31.7 mbar Ar

61.3 mbar Ar

99 mbar Ar

14.3 mbar Ar

20.5 mbar Ar

31.7 mbar Ar

61.3 mbar Ar

99 mbar Ar

dB

Figure 7.5: Simulated energy scans in the VUV and visible for a 10 fs pump pulse in
a HCF filled with: a) and b) 99 mbar Ar; c) and d) 61.3 mbar Ar; e) and f) 31.7 mbar
Ar; g) and h) 20.5 mbar Ar; i) and j) 14.3 mbar Ar (ZDW 350 nm). Both the RDW
zoom-in and the full-range scans are plotted on logarithmic scale.
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Experimental challenges

There are several factors of practical importance which have to be taken into ac-

count when experimentally measuring RDW in the VUV region: gas cleanliness,

spectrometer grating damage and contamination, spectrometer misalignment, fibre

bending, and stability.

As mentioned previously VUV radiation cannot propagate through air, because it

is absorbed by its constituents, specifically oxygen [174]. Therefore it needs to be

measured and transported in vacuum or in a gas that is transparent in this region.

Additionally any contamination of the gas used to fill the fibre will lead to absorption

and will decrease the measured VUV signal. Therefore all of the connections used

to deliver gas to the setup have to be very tight and regularly monitored for leaks.

However, good vacuum also expedites VUV grating deterioration [175], because it

helps deposit contaminants on the surface of the grating, which are then polymerised

by the incident VUV light and reduce the diffraction efficiency of the grating [176].

Therefore, using static gas filling in the HCF and VUV spectrometer prolongs the

VUV grating lifetime.

The spectrometer has to be occasionally checked for misalignment, especially if

the HCF in the soliton stage has been replaced. Replacing the fibre can lead to

minuscule changes in the positioning of the output beam on the input slit in the

VUV spectrometer, which are amplified for shorter wavelengths because of their

lower divergence. Additionally, when installing a new HCF in the soliton stage,

the stretching procedure should be performed very carefully. This is because, while

the intrinsic waveguiding losses of the HCF decrease for shorter wavelengths, the

bending losses significantly increase in the DUV and VUV.

Finally, since measurements like those shown in Figures 7.3 and 7.4 take a long

time (∼ 20 min), it is important to achieve good long-term as well as short-term

stability. The soliton dynamics studied here are very deterministic and coherent,

but it is essential to have good beam-pointing stability and lack of air flow along the

free-space path of the beam. This has been achieved by an active beam stabilisation
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in the compressor stage and passive stabilisation (coverings along the beam path)

for the soliton stage.

7.3 Discussion

In this section different hypotheses are put forward for the observed RDW cut-off

and they are attempted to be validate or invalidated. These are:

i) RDW phase-matching is prohibited due to the increased gas dispersion in the

VUV region, close to electronic resonances, of the heavier noble gases;

ii) ionisation-induced dynamics (i.e. soliton blue-shift, break-up or ionisation

losses) prohibit RDW generation;

iii) two-photon absorption or two-photon ionisation depletes an initially emitted

RDW.

Another hypothesis would be that the RDW emission cut-off is due to the guidance

properties of the fibre. In HC-PCF, which have been used in the other works that

have shown this trend, there are intrinsic waveguiding resonances. These resonances

become more closely spaced in the VUV [40], so it is possible that the generated

VUV has not been detected, because of decoupling from the waveguide. There are

no such guidance resonances in HCF, so this hypothesis can been excluded.

Hypothesis i) has to do with the fact that the dispersion of materials increases in

the ultraviolet, because their electronic resonances are in this range. In particular

for the noble gases, the energy of their resonances decreases (and the correspond-

ing wavelength increases) with increasing atomic number, hence their dispersion

increases. This can be seen in Figure 7.6, especially in b), which only looks at the

GVD curve in the VUV range. Away from the UV, the GVD (and consequently

all other higher-order dispersion terms) of all the four noble gases considered are

almost identical, since their pressures have been adjusted to match the ZDW. To

examine the first hypothesis that the RDW phase-matching is shifted away from

the VUV for heavier gases due to their increased dispersion for shorter wavelengths,

113



Chapter 7: Limits for VUV resonant dispersive wave emission

the phase-matching curves for the four different gases are calculated by Equation

(3.7) and shown in Figure 7.7 as a function of ZDW (or correspondingly gas pres-

sure). It can be seen that the significantly bigger dispersion of heavier noble gases

has little influence on the RDW phase-matching wavelength in the VUV region.

For the lowest ZDW shown in Figure 7.7, of 300 nm, the difference between the

phase-matching wavelengths in helium and krypton is only 30 nm. However, the

lowest ZDW at which a RDW emission has been experimentally recorded is 350 nm

in helium (279 mbar helium). Moreover, it is possible to get phase-matching below

120 nm in all of the four gases studied.

a) b)

Figure 7.6: Dispersion curve of 125 µm core radius HCF filled with different gases
(Helium, Neon, Argon and Krypton), when their pressure is adjusted for ZDW
of 400 nm. a) Dispersion curve in the range 100 nm to 1200 nm; b) zoom-in of the
dispersion curve in the range 100 nm to 200 nm, where the biggest difference between
the gases is.

a) b)

Figure 7.7: RDW phase-matching wavelength for 125 µm core radius HCF filled
with different gases (Helium, Neon, Argon and Krypton) as a function of ZDW (or
equivalently filling gas pressure), calculated for soliton order N = 2.4. a) RDW
phase-matching curve for ZDW in the range from 300 nm to 700 nm; b) zoom-in to
the RDW phase-matching curve for RDW emission wavelengths in the VUV region,
for ZDW in the range from 300 nm to 460 nm.

However, the RDW phase-matching depends on other factors as well, such as the
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power-dependent soliton phase or the soliton wavelength. The effect of changing

these is shown in Figure 7.8. Figure 7.8 a) shows how the RDW phase-matching

wavelength as a function of ZDW changes by increasing the soliton order (through

the pump energy) in argon. The trend is towards decreasing phase-matched wave-

length for increasing soliton order—practically this means a blue-shift of the RDW

wavelength with increasing pump energy, which can be seen in the experimental

data in Figure 7.3 a) and Figure 7.4 a). On the other hand, Figure 7.8 b) shows how

the RDW phase-matching wavelength as a function of ZDW changes with decreasing

soliton wavelength in argon. The trend in this case is toward increasing the phase-

matched wavelength for decreasing soliton wavelength, or practically red-shifting of

the RDW emission wavelength for a soliton wavelength closer to the ZDW. The

soliton wavelength can be changed by plasma-induced soliton blue-shift. It can be

seen that the effect on the phase-matching due to a blue-shifting of the soliton has

a much more dramatic effect on the emission wavelength than the different gas dis-

persion. In particular, the RDW is red-shifted by ∼ 50 nm for the 380 nm ZDW

(corresponding to 20.5 mbar argon pressure), the lowest pressure at which RDW

emission was experimentally observed.

a) b)

Figure 7.8: RDW phase-matching wavelength for 125 µm core radius HCF filled
with Argon as a function of ZDW and soliton order or soliton wavelength. a)
RDW phase-matching curve for ZDW in the range from 300 nm to 600 nm for
different soliton orders N = 2, 3, 4 and 5; b) RDW phase-matching curve for
for ZDW in the range from 300 nm to 600 nm for different soliton wavelengths
λsol = 600, 650, 700, 750 and 800 nm.

The phase-matching shift for a blue-shifting soliton together with the ionisation-

related dynamics of the pump, seen in experimental and simulated energy scans in

the low-pressure (short-ZDW) case in both argon and neon, support hypothesis ii).
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The dynamics for low gas pressures are always much more strongly influenced by

ionisation than those when higher gas pressures are used. Nonlinearity depends on

gas density more strongly than ionisation and the observation of soliton dynamics

requires N > 1. With decreasing gas pressure, the pump energy needed to achieve

N > 1 increases to a point where even before this condition is met, the peak power

of the input pump pulse is high enough to lead to ionisation and initiate plasma-

related dynamics. This can also be seen in Figure 5.2 b), where the maximum

soliton order needed to avoid excessive ionisation decreases with decreasing ZDW

(or gas pressure), and more strongly so in argon, the gas with lower ionisation

potential, than in helium. Even if the condition for N > 1 is satisfied, plasma

dynamics can still have significant effect on the dynamics. As discussed for low-N

soliton-plasma dynamics in [71], if the pulse exceeds a certain threshold Ith, which

is used to linearise the ionisation rate of the gas, this will lead to the formation of

a “floating” soliton. The dynamics of the “floating” soliton follow this progression:

an input pulse with peak intensity higher than the threshold intensity Ith causes

ionisation in the medium along its propagation, thus decreasing its peak intensity

to below Ith through ionisation losses. If the pulse subsequently undergoes self-

compression such that its peak intensity increases, additional ionisation reduces it

to just below the threshold Ith again. Whenever the pulse leads to a significant

ionisation in the medium, it feels the effect of the plasma and it blue-shifts. In

a certain parameter space, these dynamics can lead to intensity clamping and the

formation of an adiabatically shifting solitons [47].

To further confirm the role of ionisation for the red-shifting of the RDW emission

wavelength, the propagation in argon was simulated with and without including

ionisation, as shown in Figure 7.9. The parameters used for the simulation are:

20.5 mbar filling Ar pressure (corresponding to ZDW at 380 nm) and pump energy

of 450 µJ, corresponding to soliton order N = 3. The RDW emission wavelength

in helium for this (ZDW, N) is ∼ 125 nm. For the simulated parameters the RDW

wavelength when including ionisation is ∼ 180 nm (in good agreement with the

experiment) and ∼ 130 nm when not including ionisation. Additionally, the propa-
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gation dynamics when ionisation is included in Figure 7.9 b) support the creation of

an adiabatically shifting soliton. Such a fundamental soliton has less extension into

the VUV, where it can transfer its energy to the phase-matched RDW leading to

the lower conversion efficiency observed [65]. This might also explain why the RDW

is emitted at longer distances in the case with ionisation (after 2 m) compared to

that without it (after ∼ 1.2 m).

a) b)

c) d)

with ionisation

without ionisation

dB

Figure 7.9: Propagation dynamics for HCF filled with 20.5 mbar argon due to 10 fs
pump pulses with energy 450 µJ, corresponding to N = 3: a) and b) including
ionisation; c) and d) without including ionisation. a) and c) show a zoom-in in the
VUV and DUV spectral range, while b) and d) additionally show the dynamics of
the pump pulse in the visible and NIR.

While we see a trend in the minimum wavelength that can be achieved by RDW

emission and the two-photon ionisation energy (or wavelength), this might be a

coincidental relationship. The simulations agree very well with the experimental

observations and the effect of ionisation itself explains the dynamics well enough.

However, the two-photon ionisation energy is directly related to the ionisation rate

and as such it influences the pulse evolution. Additionally, other generation schemes

have demonstrated emission below the corresponding two-photon ionisation limit of

the medium used both in an extended fibre propagation [112, 170] and in gas jets

[142]. Hypothesis iii) is an additional assumption to hypothesis ii), which adds
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complexity to the explanation, but does not explain the observation much better

than hypothesis ii) alone.

It should be noted that the soliton orders used throughout this chapter are based

on the estimated coupled energy in the HCF from vacuum measurements and do

not include ionisation losses, which will lead to a decrease of the pump energy and

a lowering of the soliton order, as defined by Equation (3.3), along the propagation.

This energy depletion due to ionisation losses might be another reason why the

efficiency of energy transfer between the pump pulse and the RDW decreases.

Additionally, no significant cut-off extension is experimentally observed if a circularly

polarised pump beam or pressure gradients inside the fibre were used in this same

setup. Since both of these have been used in other circumstances as means of

decreasing ionisation-related effects, further work will be needed to understand this

negative result. For the set of simulations in the low pressure range (for example

argon pressures below 50 mbar) ionisation can even occur before the pulse is coupled

into the HCF, similarly to Figure 3.3 f). This will decrease the pump energy and

can lead to plasma defocusing, which will reduce the energy coupled in the HCF.

Further investigation will be needed by simulating the free-space beam propagation

before coupling to the fibre, as was done in Chapter 6. Another interesting question

that needs to be explored is whether the cut-off can be extended by using different

pump pulse durations, pre-chirping of the pump pulses, or different HCF core sizes.

For practical applications, the currently presented result means that if a RDW

wavelength in the VUV is needed, either helium or neon filling should be used.
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Conclusions

The work detailed in this thesis aimed to show that HCF can be used to observe

and scale soliton dynamics by orders of magnitude compared to previous results

in HC-PCF. The results presented here, together with the other demonstrations

of setup down-scaling [96], use of pressure gradients [17], circular polarisation [16],

and using a pump in the short-wavelength IR [147], establish soliton dynamics in

HCF as a useful source for many applications—strong-field physics, time-resolved

pump-probe spectroscopy and applications in biophysics and medicine [177]. As

there is no fundamental difference to the dynamics when using HCF or HC-PCF,

other advancements shown in HC-PCF can be expected to be transferable to HCFs,

such as high-repetition-rate operation [72, 80] and CEP-preserving self-compression

[76–78].

In particular, the work here showed the generation of sub-cycle optical field tran-

sients with up to 337 µJ energy and an intensity envelope FWHM duration of 1.2 fs.

The squared-field duration of these pulses is 412 as, corresponding to an optical at-

tosecond pulse. This demonstration shows that soliton dynamics in HCFs provide

an alternative route for the generation of light transients [14, 178]. In addition to

this, it was shown that the tunable generation of ultrashort pulses in the DUV and

VUV through RDW emission can also be transferred to HCF. Pulses with energies

of 1 µJ at ∼ 120 nm and energies as high as 12 µJ in the VUV and 16 µJ in the

DUV spectral region were demonstrated. The brightness of this RDW-based source
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is comparable to that of FELs in the UV spectral range.

As a continuation to this part of the work, the effect on the dynamics of tuning the

dispersion landscape in which an ultrashort pulse propagates was studied. A wide

variety of propagation regimes for shorter, 10 fs pulses was accessed in the same setup

simply by changing the filling gas pressure. This part of the work showed that not

only soliton-effect self-compression and RDW emission can be achieved in HCF, but

all other soliton dynamics which have been previously demonstrated in HC-PCF.

Another interesting regime was identified for the propagation of very short pulses in

HCF. It was shown that propagation in the vicinity of the ZDW of the gas-filled fibre

causes pulse splitting and XPM, consequently leading to the generation of a new

band of radiation, very similar to RDW emission. This raises questions about how

such near-ZDW dynamics can be controlled and utilised. It was also demonstrated

that, in certain cases, the pulse can experience significant modifications due to self-

focusing and ionisation even before it is coupled into the HCF. In these cases, it is

important to employ full spatial simulations of the free-space propagation up to the

fibre input to model the dynamics.

The last part of this thesis looked at the important question of what the shortest

wavelength that can be generated using RDW emission is. It was found that, for

noble-gas HCF-filling, there is a cut-off in the RDW wavelength, which is correlated

with the ionisation potential of the gas—when using a gas with lower Ip (such as

argon and krypton) it is not possible to generate wavelengths as short as those

possible in gases with higher Ip (such as helium and neon). RDW with wavelengths

at most down to ∼ 110 nm were generated in helium- and neon-filled HCF and

∼ 170 nm for argon- and krypton-filling. To date these are the shortest wavelengths

generated through RDW emission reported in each of these gases. An explanation

was proposed based on ionisation and plasma influence on the dynamics. It is

planned to further study how pump and fibre parameters affect the dynamics in this

regime, because understanding them might suggest how to design ways to overcome

this cut-off.

120



Chapter 8: Conclusions

Future work

The next step in this work will be to further energy-scale soliton dynamics in longer

and bigger core-size HCFs. Scaling the soliton self-compression to the mJ-level

would be a way of achieving TW peak power in sub-cycle pulses, creating a unique

light source. To achieve this, experiments are planned where the full energy available

from our laser source (8.5 mJ) will be compressed and afterwards used for driving

soliton dynamics. Initial simulations suggest that pulses with sub-cycle duration

and up to 4 mJ could be generated through soliton self-compression in such a setup.

This will also enable up-scaling of the pulses generated through RDW emission to

the hundreds of µJ-level. Together with other adjustments that can be made such as

polarisation, angular momentum, and spatial profile, this scalability makes soliton

dynamics an extremely flexible source.

One of the planned applications of this up-scaled soliton-effect source is to use

RDW emission pulses as a driver for HHG. DUV driver pulses at 270 nm, 35 fs,

2.6 mJ have been previously demonstrated [179]. It was shown that using a pump in

the UV decreases the spectral bandwidths of the harmonics, which is beneficial for

applications that require high monochromaticity, for example coherent diffraction

imaging with high spatial resolution. In addition to this, using a UV driver has

been predicted to give rise to shorter XUV pulses (∼ 100 as duration) compared to

conventional NIR-drivers, because it minimises the electron time in the continuum

and improves the recollision probability.

Another planned application is to use soliton-effect self-compression in a higher HCF

mode for the generation of radial vector beams [180]. If successful, this will allow

to focus these pulses to relativistic intensities and use them to drive direct electron

acceleration [181].
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87. Böhle, F. et al. Compression of CEP-stable multi-mJ lase pulses down to 4 fs

in long hollow fibers. Laser Physics Letters 11 (2014).

88. Suda, A., Hatayama, M., Nagasaka, K. & Midorikawa, K. Generation of sub-

10-fs, 5-mJ-optical pulses using a hollow fiber with a pressure gradient. Applied

Physics Letters 86 (2005).

89. Tomlinson, W. J., Stolen, R. H. & Shank, C. V. Compression of optical pulses

chirped by self-phase modulation in fibers. Journal of the Optical Society of

America B 1, 139–149 (1984).

90. Vozzi, C., Nisoli, M., Sansone, G., Stagira, S. & Silvestri, S. D. Optimal spec-

tral broadening in hollow-fiber compressor systems. Applied Physics B 80,

285–289 (2005).

91. Jarque, E. C. et al. Universal route to optimal few- to single-cycle pulse gen-

eration in hollow-core fiber compressors. Scientific Reports 8 (2018).

92. Genoud, G., Wojda, F., Burza, M., A, P. & Wahlström, C.-G. Active control

of the pointing of a multi-terawatt laser. Review of Scientific Instruments 82

(2011).

93. Kanai, T. et al. Pointing stability of a high-repetition-rate high-power fem-

tosecond laser for intense few-cycle pulse generation. Applied Physics Letters

92 (2008).

94. Nagy, T., Pervak, V. & Simon, P. Optimal pulse compression in long hollow

fibers. Optics Letters 36, 4422–4424 (2011).

95. Pervak, V., Ahmad, I., Trubetskov, M. K., Tikhonravov, A. V. & Krausz, F.

Double-angle multilayer mirrors with smooth dispersion characteristics. Opt.

Express 17, 7943–7951. http://www.opticsexpress.org/abstract.cfm?

URI=oe-17-10-7943 (2009).

96. Brahms, C., Grigorova, T., Belli, F. & Travers, J. C. High-energy ultraviolet

dispersive-wave emission in compact hollow capillary systems. Optics Letters

131

https://doi.org/10.1080/23746149.2020.1845795
https://doi.org/10.1080/23746149.2020.1845795
https://doi.org/10.1080/23746149.2020.1845795
https://doi.org/10.1080/23746149.2020.1845795
https://doi.org/10.1080/23746149.2020.1845795
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-10-7943
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-10-7943


BIBLIOGRAPHY

44, 2990–2993. http://ol.osa.org/abstract.cfm?URI=ol-44-12-2990

(2019).

97. Trebino, R. et al. Measuring ultrashort laser pulses in the time-frequency do-

main using frequency-resolved optical gating. Review of Scientific Instruments

68, 3277–3295. issn: 0034-6748. http://aip.scitation.org/doi/10.1063/

1.1148286 (1997).

98. Trebino, R. Frequency-resolved optical gating: The measurement of ultrashort

laser pulses (Kluwer Academic Publishers, 2000).

99. Geib, N. C., Zilk, M., Pertsch, T. & Eilenberger, F. Common pulse retrieval

algorithm: a fast and universal method to retrieve ultrashort pulses. Optica

6, 495. issn: 2334-2536. https://www.osapublishing.org/abstract.cfm?

URI=optica-6-4-495 (2019).

100. Sidorenko, P., Lahav, O., Avnat, Z. & Cohen, O. Ptychorgaphic reconstruction

algorithm for frequency-resolved optical gating: super-resolution and supreme

robustness. Optica 3.

101. Witting, T. et al. Time-domain ptychography of over-octave-spanning laser

pulses in the single-cycle regime. Optics Letters 41, 4218–4221. http://opg.

optica.org/ol/abstract.cfm?URI=ol-41-18-4218 (2016).
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