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Abstract

Devising new tools that expand our capabilities to sense and manipulate the world en-
ables much of the scientific and technological progress around us. For example, light
is increasingly more important as a tool for humanity. Not all light is equal, however
- the light that we normally interact on a daily basis (e.g. the sun), despite its serene
and directional appearance, exists in a state of ever changing disorder. What one would
perceive as a smooth beam of white light is actually an ever changing pattern of colours.
However, As the scale over which the colour changes is spatially too small and temporar-
ily too rapid to be resolved by the human eye we perceive it as a smooth white beam.
This lack of a clear spatio-temporal structure in naturally occurring light - coherence -
limits what can be done with it.

If one were to overlap all the frequencies in a temporally coherent beam of light, one
could generate an extremely short and powerful pulse. For example, by compressing
in time all the colours in sunlight one would generate a light pulse with just a few
femtoseconds duration. If such pulse would have a very modest energy (e.g., a Joule), it
would have a peak power approaching the PetaWatt - several orders of magnitude more
than the total energy production on earth at a given time. When focused on a minuscule
spot, the electric field oscillations of this wave would have amplitudes greatly surpassing
the electric fields that bind electrons to atoms, or even atoms together in molecules.
This implies that by focusing these pulses into matter one can destroy chemical bonds,
free the electrons from the influence of the atom’s nucleus and even further accelerate
these particles away from the interaction region. It follows that with the correct electric
field shape, one could control and manipulate matter in new and interesting ways.

In this thesis we have dedicated ourselves to the creation and characterisation of
intense, few-cycle pulsed sources of light, using several di�erent approaches.

In this thesis a light source with more than 3 octaves (450-4500 nm) has been de-
veloped through filamentation of intense mid-IR pulses in solids. This source has high
repetition rate (100 kHz), high spectral density and absolute carrier-envelope phase
stability. Additionally, numerical simulations suggest that the nonlinear propagation
dynamics induce self-compression, possibly leading to single-cycle pulses.

The scaling of strong field processes such as electron acceleration highly depends
on the period or wavelength of the driving electrical field. This has implications for
High harmonic generation (HHG) - the longer the wavelength of this field, the higher
the energy of the generated photons. In this thesis we have built a high energy pulsed
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parametric light source at 2 µm, a wavelength that enables one to generate soft-x-ray
photons with energies exceeding 300 eV through phase-matched HHG - and further
demonstrated HHG cuto� extension up to 190 eV in Argon, when compared to HHG
from 800 nm pulses.

When doing HHG, in order to restrict the soft-X-ray emission to a single isolated
attosecond pulse one needs to employ a gating technique. In this thesis we have extended
the attosecond lighthouse technique up to the Water window (284-543 eV) which is of
fundamental interest to study biological processes with unprecendent spatio-temporal
resolution and elemental specificity.

The routine generation and characterisation of pulses in the single-cycle regime has
historically been a challenge. As such sources invariably require extreme nonlinear spec-
tral broadening, the optimisation and reproducibility of the output pulse has always been
a limitation. In this thesis we extend the dispersion-scan technique to the single-cycle
regime and demonstrate its use as a straightforward way to compress, characterise and
phase-stabilise 3.2 fs pulses with >50 GW peak power. We illustrate the steps done to
optimise this source to reach the single-cycle regime.



Resumen

Concebir nuevas herramientas que expandan nuestras capacidades para medir y manip-
ular el mundo habilita gran parte del progreso científico y tecnológico que nos rodea.
Por ejemplo, la luz es cada vez más importante como herramienta para la humanidad.
Sin embargo, no toda la luz es igual - la luz con la cual normalmente interactuamos a
diario (por ejemplo, la luz del sol), a pesar de su aspecto sereno y direccional, existe
en un estado de constante cambio y disorden. Lo que se podría percibir como un rayo
homogéneo de luz blanca es en realidad un patrón en constante cambio de color e forma.
Sin embargo, como la escala de los cambios de color es espacialmente demasiado pequeña
y temporalmente demasiado rápida para ser resuelta por el ojo humano lo percibimos
como un rayo blanco homogéneo. Esta falta de una estructura espacio-temporal en la
luz natural - coherencia - limita lo que se puede hacer con ella.

Si uno superpone todas las frecuencias en un rayo temporalmente coherente de luz,
uno genera un pulso de luz extremadamente corto y potente. Por ejemplo, mediante la
superposición en el tiempo de todos los colores en la luz del sol se generaría un pulso
de luz con una duración de pocos femtosegundos. Si tal pulso tiene una energía muy
modesta (por ejemplo, un Julio), tendría una potencia de pico alrededor del Petawatt -
órdenes de magnitud mas grande que la producción total de energía en la Tierra en un
determinado momento. Cuando enfocadas en un punto minúsculo, las oscilaciones del
campo eléctrico de esta onda tendrán amplitudes superando los campos eléctricos que
unen los electrones a los átomos, o incluso los átomos unos a los otros en moléculas. Esto
implica que enfocando estos pulsos en la materia uno puede destruir enlaces químicos,
liberar los electrones de la influencia del núcleo del átomo y acelerar estas partículas. En
consecuencia, con la forma de campo eléctrico correcta, se podría controlar y manipular
la materia en formas nuevas e interesantes.

En esta tesis nos hemos dedicado a la creación y caracterización de fuentes de pulsos
de luz intensos de pocos ciclos, utilizando diversas técnicas.

En esta tesis una fuente de luz con más de 3 octavas (450-4500 nm) ha sido desar-
rollada a través de filamentación en sólidos de impulsos mid-IR intensos. Esta fuente
tiene una alta tasa de repetición (100 kHz), alta densidad espectral y estabilidad de
fase. Además, simulaciones numéricas sugieren que la dinámica de propagación no lineal
induce auto-compresión temporal.

El escalamiento de los procesos de campo fuerte, como la aceleración de electrones,
depende en gran medida de la longitud de onda del campo eléctrico interveniente. Esto
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tiene grandes implicaciones para la generación de harmónicos altos (HHG) - más larga
sea la longitud de onda del campo, mayor es la energía de los fotones generados. En esta
tesis hemos construido una fuente de luz de alta energía a 2 µm, una longitud de onda
que nos permite generar fotones con energías superiores a 300 eV a través de HHG con
phase-matching - y además demostrado extensión de corte HHG hasta 190 eV en argón,
en comparación con HHG a partir de pulsos a 800 nm.

Al hacer HHG, para limitar la emisión de rayos-X blandos a un solo pulso de at-
tosegundos aislado, uno necesita emplear una técnica de gating. En esta tesis hemos
extendido la técnica del faro de attosegundos hasta la ventana de la agua (284-543
eV) lo cual posee interés fundamental para estudiar procesos biológicos con resolución
espacio-temporal y especificidad elemental.

La generación y caracterización de pulsos en el régimen de un solo ciclo ha sido históri-
camente un desafío. Como esas fuentes invariablemente requieren un ensanchamiento
espectral no lineal extremo, la optimización del pulso siempre presenta un problema. En
esta tesis hemos extendido la técnica de dispersion-scan, hasta el régimen de un solo ciclo
optico y demostramos su uso como una forma de comprimir, caracterizar y estabilizar
la fase de pulsos de 3.2 fs.



Contents

Abstract i

Resumen iii

1 Introduction 1
1.1 Phase-stable intense few-cycle pulses . . . . . . . . . . . . . . . . . . . . . 3

2 Multi-octave phase coherent intense supercontinuum generation from
the visible to the mid-IR 7
2.1 Supercontinuum generation . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Nonlinear e�ects leading to SC generation . . . . . . . . . . . . . . 9
2.1.2 Guiding during high intensity propagation . . . . . . . . . . . . . . 10
2.1.3 Normal and anomalous dispersion regimes . . . . . . . . . . . . . . 13
2.1.4 Phase-matching and conical waves . . . . . . . . . . . . . . . . . . 14
2.1.5 Spatial e�ects during filamentation . . . . . . . . . . . . . . . . . . 15
2.1.6 Self-compression e�ects . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.7 CEP e�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 Laser systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.3 Integrated spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2.4 Far-field profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2.5 CEP stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.1 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.2 2µm and 3µm simulations . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.3 Pulse profiles from simulations . . . . . . . . . . . . . . . . . . . . 27

2.4 Conclusion and future steps . . . . . . . . . . . . . . . . . . . . . . . . . 28

3 High intensity, few-cycle phase-stable pulses at 2 µm: towards phase-
matched HHG in the water window 33
3.1 Intense few-cycle femtosecond laser development . . . . . . . . . . . . . . 33
3.2 Current approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

v



vi CONTENTS

3.3 OPA design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.1 Pump/Crystal choice . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.2 Seeding scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3.3 OPA vs NOPA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.3.4 Pump bandwidth transfer and travelling wave amplification . . . . 39
3.3.5 Design considerations: managing dispersion across the OPA chain 41
3.3.6 Design considerations: separation of signal and idler in type I

collinear OPA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.1 3 Stage collinear OPA at 3 kHz - I . . . . . . . . . . . . . . . . . . 43
3.4.2 3 Stage collinear OPA at 3 kHz - II . . . . . . . . . . . . . . . . . . 46
3.4.3 Noncollinear OPA at 3/4 kHz . . . . . . . . . . . . . . . . . . . . . 51

3.5 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.5.1 HHG in Xenon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.5.2 HHG in Argon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.6 Further work and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 Simultaneous compression, characterisation and phase stabilisation of
1.4 cycle pulses at 740nm using a single dispersion scan setup 61
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2.1 Laser source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.2 Dispersion scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.3 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3.1 Hollow fiber compressor . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3.2 Double-angle chirped mirror alignment . . . . . . . . . . . . . . . . 66
4.3.3 Influence of the input phase . . . . . . . . . . . . . . . . . . . . . . 66
4.3.4 Pulse compression . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3.5 Pulse compression optimization . . . . . . . . . . . . . . . . . . . . 69
4.3.6 Measurement bandwidth analysis . . . . . . . . . . . . . . . . . . . 69
4.3.7 Carrier-envelope phase stabilization . . . . . . . . . . . . . . . . . 71

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5 Attosecond lighthouse using long wavelengths: isolated attosecond
pulses at 300 eV 75
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.2.2 Attosecond lighthouse at 300 eV . . . . . . . . . . . . . . . . . . . 79
5.2.3 Photon flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.3.1 Simulation methods . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.3.2 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.3.3 Contrast ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84



CONTENTS vii

5.3.4 Phase-matching e�ects . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6 Conclusion 89

Bibliography 92

Acknowledgements 108

Publications 111



viii CONTENTS



Chapter 1

Introduction

Light is crucial for humanity, having an essential role on our day-to-day lives - from
allowing human sight, providing energy transfer from the Sun or permitting near-instant
communication between all across the globe. Even so, there are many properties of
light waves that are not naturally occurring in Nature that are of great use, especially
for scientific and technical applications. Most of these are related to the ability to
create spatially and/or temporally coherent waves, i.e. waves having a clear and fixed
relationship between their phase at di�erent points. This property manifests itself more
notably in the ability to interfere waves between themselves in a repeatable fashion. For
example, the production of intense bursts of light comprising of a just a few electric
field oscillations is possible by temporal interference between an ensemble of light waves
with wildly di�erent periods. This way, a light wave with modest energy can have a
tremendous peak power, by constructively interfering only during a brief amount of time,
of the order of a couple of femtoseconds for visible light. Notably, these short durations
are not only useful for probing natural processes at the scale of chemical, physical or
atomic processes, but also to trigger them, allowing detection and control of matter at
the shortest timescales. Additionally, the interferometric properties of a continuous train
of fully coherent pulses forms a set of absolutely stable reference frequencies in the optical
range (a frequency comb), which can be used to make measurements with unprecedented
precision. All these properties are only present on a pulsed absolutely coherent source of
light, i.e. a pulsed light source with not only spatio-temporal coherence in each pulse,
but also spatio-temporal coherence between the di�erent pulses.

One practical way to generate such pulses is through a laser. Since their invention
in the 1960s lasers have allowed great advances in technology, albeit research in laser
technology is still ongoing. The creation of new sources of absolutely coherent pulses of
light in new regions of the optical spectrum, as well as with record duration, stability
and spectral breadth is a very actual topic, given the applications of such sources.
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2 CHAPTER 1. INTRODUCTION

Motivation

In this thesis we will focus on the generation and control of phase-stable intense few-cycle
light pulses, i.e. repeatable electric fields with just a few high amplitude oscillations.
These require a fully coherent broad-band source of light to generate such electric fields
- usually a laser, or some form of laser-related technology.

The period of this electric field oscillation is decisive for many applications. For
example the ponderomotive energy of an electron in a electric field varies widely with
its oscillation period - for the same amplitude, the longer the field oscillation period the
longer the time the electron is accelerated, loading to a higher ponderomotive energy.
The generation of light in new regions of the electromagnetic spectrum with the right
properties is then interesting, as it allows one to explore new physics and scaling laws.
Additionally, one further obstacle to the routine application of such short electric field
oscillations is their convenient metrology, as measuring events with femtosecond duration
with high precision is not straightforward.

Outline of the thesis

Extending the bandwidth of such sources to cover a significant part of the electromag-
netic spectrum while maintaining absolute coherence would simultaneously fulfill the re-
quirement for many applications, such as the generation of sub-cycle pulses, synchronous
seeding of amplifiers in di�erent regions of the optical spectrum or time-resolved studies
of natural processes at distant energy ranges. In Chapter 2 we present an approach
based on supercontinuum generation that results in a fully coherent source over more
than 3 octaves - from 450 nm to 4.5 µm.

Certain applications of phase-stable intense few-cycle pulse benefit from high energy
pulses with longer periods, i.e. at longer wavelengths, such as high harmonic generation.
In Chapter 3 we will discuss an approach to generate high intensity few-cycle phase
stable pulses at 2 µm using broadband parametric amplification.

Sub-1.5-cycle phase-stable pulses in the NIR (800 nm) have been generated routinely
for the last decade at a few selected laboratories using nonlinear optical methods. De-
spite this, taming such sources, as well as widespread reproduction of such results has
proven hard, partially due to the expertise required in the diagnostic of such sources.
In Chapter 4 we develop a convenient technique for diagnostic of sub-1.5 cycle pulses
which greatly reduces the complexity of the task, as well as commenting on the optimi-
sation techniques required to reach the sub-1.5 cycle regime.

Isolated attosecond pulses in the soft-X-ray have numerous applications for the study
of physical processes with extreme temporal resolution. Specifically the generation of
attosecond pulses in the water window (284-543 eV) is of interest to study biological
processes. Several techniques have been demonstrated in order to generate isolated
attosecond pulses at di�erent photon energies. In Chapter 5 we extend the attosecond
lighthouse technique to higher energies, in order to generate isolated attosecond pulses
in the water window (300 eV).
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1.1 Phase-stable intense few-cycle pulses
The potential applications of the pulses discussed in this thesis are based on the conflu-
ence of four important properties: their absolute electric field stability, short duration,
high intensity and broad spectral bandwidth. Each of this properties has its own impli-
cations which allow di�erent applications, whereas the combination of all of them o�ers
unique opportunities.

Intensity

A sub-10 femtosecond pulse with the modest energy of a few mJ has a peak power of
the level of hundreds of gigawatts. This means that during a brief instant, one is able to
transfer energy with enormous power to e.g. an experimental target. By focusing such
pulses down to a 0.2 mm beam, the peak intensity of the result electric field approaches
1014 W/cm2, which is comparable to the Coloumb field of the atom experienced by
valence electrons, i.e. the electric field is now able to compete with atomic binding
and produce free electrons, or rapidly destroy chemical bonds. This has interesting
implications, as a great deal about nature can be understood just by perturbing matter
with an intense laser and studying what comes out [1, 2].

If this pulse is instead focused to a beam size comparable to the wavelength ( 1 µm)
then the peak intensity is in excess of 1018 W/cm2, in the so called relativistic regime,
where the ponderomotive energy of the electron in the laser field is comparable to its
rest energy mc2. In this regime a new class of interesting experiments is possible, such as
particle acceleration in a table-top setup to the GeV level [3] or e�cient single-attosecond
pulse generation in the XUV [4].

This ability to control matter with strong fields gives rise to many applications of
intense ultrashort pulses. Such are high harmonic generation of XUV and soft-X-rays [5],
micro-machining [6], electron acceleration [7], 3D nano fabrication [8], amongst others.
Even preliminary studies in cancer treatment have been done [9] using such pulses.

Short duration

In order to study chemical, electronic or atomic processes happening at the femtosec-
ond or even sub-fs time scales one needs a temporal reference with a shorter duration.
Ultrashort pulses with durations down to the femtosecond in the optical range [10] or
tens of attoseconds in the XUV range [11] are suitable to serve as such references, al-
lowing extreme temporal resolution. These pulses are the shortest flashes of energy
ever produced, and open new possibilities for metrology, specifically for the study of
time-dependent phenomena.

Such possibilities are the observation of chemical reactions [12], tracking carrier dy-
namics in semiconductors [13], observing energy transfer in a large molecule [14], and
the real-time observation of Auger e�ects in atoms [15], as well as quantifying the delay
between the ionisation of di�erent atomic levels [16]. Interestingly, extending these short
pulse durations to the hard-X-rays is expected to allow direct di�ractive imaging of or-
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bital states of atoms or molecules, i.e. mapping the electron distribution of the atom
with temporal and spatial resolution [17].

Absolute stability

A train of pulses with constant repetition rate and phase of the carrier in relation to
the intensity envelope (Carrier-to-Envelope Phase - CEP) can only be generated by the
coherent sum of a number of sinusoidal waves with di�erent frequencies and absolute
stability, i.e. a frequency comb. Such train of pulses is extremely interesting for inter-
ferometry experiments - in a sense, it has a very limited coherence length, as the signal
only exists for a few femtoseconds. But since every pulse is the same, then one could
interfere one pulse with the next, or the one after, or a pulse generated several hours
after, ideally, resulting in a very large potential coherence length. An interesting thought
experiment is to bounce an ultrashort pulse o� the retroretlecting mirrors positioned in
the surface of the moon [18] and interfere it with another one, generated 2 seconds later
on earth - which would allow us to track the moon’s position in time with precision
comparable to the wavelength, e.g. 1 µm (in practice, the stability of the laser source
might not allow such experiment). Spatial interferometry experiments with outstanding
precision are routinely done based on this technique [19, 20].

A frequency comb can also be used to measure signals at optical frequencies. By
overlapping this signal with a line of the comb a beat note can be produced in a pho-
todetector - if the frequency di�erence between the signal and comb line is slow enough
for the detector, then it can be measured. Hence, frequency combs provide a link from
the optical region of the electromagnetic spectrum to the radio-frequency region, where
electrical signal and processing is more practical, allowing the measurement of signals
with frequencies in the 100s of THz range. One useful application of this is in the field of
optical clocks. By measuring an atomic transition frequency in the optical domain with a
frequency comb line at the appropriate wavelength, one can achieve better performance
than the best atomic cesium clocks, anticipated to be able to reach 1 part in 1018. Such
precision in time keeping allows interesting experiments, such as fundamental physics
tests. As an example, researchers in Colorado were able to measure a statistically signif-
icant di�erence in the counting rate of an optical clock by raising the optical table the
clock was built in by 30 cm, which was explainable by the relativistic e�ect of the earth
gravitational field on time [21].

The frequency comb structure of a train of ultrashort pulses provides allows some of
the most precise experiments on earth. In a sense, they are some of the most precise
measurement devices currently available.

Broad bandwidth

Despite being directly related to the short duration property of ultrashort pulses, it
is worth discussing bandwidth by itself. Ultrashort pulses on di�erent spectral ranges
allow exploiting di�erent processes. For example, with incoherent light one can iden-
tify molecular fingerprints through absorption spectroscopy. Using the comb nature
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of these trains of pulses one can do what is called dual comb spectroscopy: by doing
asynchronous sampling between two stabilised frequency combs one can acquire an ab-
sorption spectrum over a large bandwidth in just a few microseconds, with extreme
spectral resolution [22].This allows high-frequency monitoring of molecular specimens
in a sample with extremely high resolution and sensitivity, combining the resolution of
typical fourier transform spectroscopy (FTIR) with the speed of CCD-based dispersive
polychromators.

Another possibility brought forward by intense, ultrashort pulses with large band-
widths is the production of arbitrary electric field waveforms in the optical domain. For
example, with a sub-cycle pulse it is possible to precisely control valence-electron wave
packet dynamics [23], or for certain applications the production of a less ’sinusoidal’
pulse shape can be of use, e.g. in [24] it has been found that by engineering the wave
function to resemble a ramp, the cuto� of high harmonic generation can be extended
without penalty in yield. The availability of pulses with several octaves of spectrum will
open new possibilities for coherent control, as one can now taylor the electric waveform
with freedom.
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copropagation up to 2mm with the intense pump causes significant reshaping which leads
to the simulated result. Uncertainties in the medium and pump parameters could cause
such disagreement. Additionally, note that the absence of fringes in the measurement
indicates that the nature of this feature is related to non-THG effects, as efficient THG
generation simultaneous with broadening would result in clear CEP-dependent fringes.
.

Figure 2.13: Simulated far-field profile at the output of the YAG plate when propagating
a 30 fs pulse at 2µm, reproducing some of the features of the experimental results in
figure 2.8. Dotted line: limit of measurement in figure 2.8.

Figure 2.14: Simulated far-field profile at the output of the YAG plate when propagating
a 85 fs pulse at 3µm, reproducing both the breadth and fish-wave nature of the exper-
imental results in figure 2.9. a) Far-field profile. b) Beam diameter evolution during
propagation.

2.3.3 Pulse profiles from simulations

Given the overall agreement between the simulated and measured spatiospectral profiles
we used the 3D simulation to gain insight into the temporal propagation dynamics. We
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find that in the 3 µm case, due to a favourable interplay of linear and nonlinear e�ects
the pulse temporal profile on-axis significantly shortens (fig. 2.17), while a post pulse
with less than 30% of the peak intensity is formed. The resulting predicted pulse has an
intensity FWHM duration of 7.2 fs. The interplay between SPM with positive n2 and
anomalous dispersion tends to both generate new frequencies as well as to compress them
in the peak of the pulse, extending the nonlinear interaction length and possibly sup-
porting spatiotemporal solitonic action [73]. This suggests that the broadening process
can have a stabilising e�ect and be robust in regards to input pulse fluctuations, which
would be of interest to demonstrate experimentally. Examining the spectrogram of the
on-axis pulse reveals that indeed all frequencies are approximately compressed, with-
out any complex structures having formed. This suggests that the output phase of the
supercontinuum is smooth and well-behaved, which is of interest to many applications.

Figure 2.15: Numerical prediction of self-compression for the on-axis pulse undergoing
filamentation in the YAG plate. (a) Blue: initial 85 fs gaussian input pulse normalised
intensity profile. Red: propagated on-axis pulse normalised intensity profile, predicting
an a ten-fold self-compression e�ect in the temporal duration (b) Electric field (blue)
and (envelope) of the output pulse. (c) Spectrogram of the output pulse, revealing that
the short-wavelength frequency tail exits the YAG plate simultaneously with the main
peak.

2.4 Conclusion and future steps

In this chapter we have demonstrated multi-octave phase-stable supercontinuum gen-
eration through filamentation in bulk material of SWIR-/mid-IR femtosecond pulses.
The measured spectra spanned 500-2500 nm when pumping at 2.1 µm and 450-4500 nm
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(corresponding to 3.3 octaves) when pumping at 3.1 µm with a spectral energy density of
1 pJ/nm-10 nJ/nm. The intensity and phase stability indicate shot-to-shot stability of
the waveform. We obtained an angularly resolved far-field spectrum with the main fea-
tures captured by full 3D simulations. This approach demonstrates a simple and robust
method for coherently extending the spectrum of an amplified femtosecond mid-infrared
pulse down to the visible. Further extending the spectrum down to the UV should be
possible using media with a larger band-gap and di�erent dispersion profile, while si-
multaneously increasing the input energy, e.g. CaF2 or LiF or similar [74]. Additionally,
extrapolating this trend one can hypothesise that by pumping further into the mid-IR
one could develop fully coherent light sources capable of spanning several important
parts of the electromagnetic spectrum simultaneously (spanning from various important
organic absorption lines at 6 µm to important excitation lines in the visible/UV).

Due to a mix of favourable nonlinear e�ects, self-compression is theoretically pre-
dicted, while the measured angularly resolved far-field spectra agree with the numerically
simulated ones. The predicted self-compression e�ect was later successfully experimen-
tally verified in the PhD thesis of Matthias Baudisch and the work of Michael Hemmer
[75].

Despite self-compression e�ects, convenient usage of pulses with such broad spec-
trum in di�erent experimental conditions demands variable dispersion compensation, to
compensate propagation through eventual dispersive media. Several approaches to this
problem are possible, albeit all of them pose a big challenge over such broad spectrum:
a) a 3-octave pulse shaper, possibly built with a small apex prism as the dispersive ele-
ment and a deformable mirror; b) specially designed chirped mirrors, which pose a big
design challenge due to the inverse relation between attainable compensation magnitude
and bandwidth [76] - for such a broad spectral range a great number of reflections would
be needed, which would eventually introduce a residual oscillatory phase which would
greatly diminish the peak power; c) a multi-channel compressor, where through dichroics
narrow parts of the spectrum are separated, dispersion compensated and then later re-
combined with the right delay. This last approach has been demonstrated to work with
a spectrum covering 2 octaves [23], relying on a great number of custom coatings.

If minimum pulse duration is the objective then amplitude shaping can greatly help
optimising it, although at great expense of total pulse energy. Attenuating the region
between 2.5 and 4µm to 0.1% one can reduce the intensity FWHM of the TL pulse to
a single half-cycle (figure 2.16(a)). This would reduce the spectral energy densities to
10 pJ/nm across the whole spectrum, which is enough for most pump-probe studies.
Even though this reduces the energy to 3% of what it was, the reduction in attainable
pulse duration leads to a comparable peak power in this scenario, if all frequencies are
compressed (24%).

An alternative approach to the compression of this spectrum that would employ more
standard ’designs’ would be to build a multi-channel compressor based on several prism
or grating compressors. By recombining the (long) output from each compressor with
the appropriate delay, one can optimize the interference between channels to achieve a
sub-cycle pulse duration (Figure 2.16). Each of the channels can still have residual TOD
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Figure 2.16: Possible temporal pulse shapes supported by the generated spectrum. By
compressing only the long wavelength region represented in (a) with high e�ciency one
could in principle generate a few cycle pulse (23.7 fs) with more than 5 µJ, which could
be used for strong field experiments. If a significant energy loss is acceptable then a much
shorter TL pulse can be achieved by attenuating the spectrum in the long wavelength
region by applying an amplitude filter. This filter would fully transmit below 2µm but
have 0.1% transmission in the 3µm region with a smooth transition in between (dashed
line, (c)) leading to a spectrum with almost constant intensity from 500 nm to 3.5 µm
(black line (c)). By compressing this whole spectral range one could in principle generate
a sub-cycle pulse with an intensity FWHM of 1.6 fs, or 780 attoseconds of E2 FWHM,
using the same criteria as in [10]. Note that even though the spectrum in (c) only has
3% of the energy of the spectrum in (a), the corresponding TL pulses have peak powers
with the same order of magnitude (24%), owing to the much shorter pulse duration in
the case of (d).
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and FOD, but since the delay between channels is adjustable individually these low
dispersion orders will become ’local’ phase features, only diminishing the peak power
and creating satellite pulses, but retaining a short main peak pulse duration (Figure
2.16). Given this, separation of the di�erent spectral channels and adequate temporal
jitter compensation between them would also significant problems to solve with this
approach.

Figure 2.17: Illustration of a possible strategy to recompress the generated spectrum
down to the sub-cycle regime with current technology. (a) The amplitude shaped spec-
trum is split through dichroic mirrors into 6 wavelength ranges, each of them recom-
pressed using a prism or grating compressor. Gaps between the spectral ranges are con-
sidered to reduce spectral width of each channel and ease compressor design. All channels
would then be recompressed and synchronised into the same beam. (b) Achievable pulse
considering perfect compression without residual phase in any of the compressors. Top:
Intensity profile, having a 1.4 fs FWHM duration. Bottom: Electric field. (c) Achievable
pulse considering that all compressors have a residual phase of 1000 fs3 and 10k fs4 for
zero GDD, leading to an 1.7 fs sub-cycle pulse with 67% of the peak intensity of the
perfectly compressed case. (c) Achievable pulse considering that all compressors have
a residual phase of 5000 fs3 and 100k fs4 for zero GDD, leading to an 1.8 fs sub-cycle
pulse with 47% of the peak intensity of the perfectly compressed case. The feasibility
of this scheme is not only limited by the availability of dichroic optics to separate and
recombine the spectrum, but also by the scheme used to keep all the di�erent channels
synchronised, which is not (yet) a trivial task.

If enhancing the energy is needed, for example for applications in e.g. strong field
physics, there are currently two approaches that might be appropriate. First, Fourier-
plane OPA [77] could be used to amplify such broad bandwidth, as with this arrangement
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crystal phase matching requirements can be relaxed. Pump optimisation can also be
used to apply a stronger gain in certain parts of the spectrum and not others, allowing
amplitude shaping. Additionally, the Fourier plane arrangement doubles as a phase
shaper. Another approach would be serial OPAs with di�erent crystals [78], which given
good dispersion compensation allows a much simpler setup. Finding the crystals with the
right amplification bandwidth and full transparency between 500 and 4.5µm is another
pending issue.


