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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

by Thomas J. Butcher

High harmonic generation (HHG) is a nonlinear light matter interaction that results in
the generation of high order harmonics of a driving optical field. It is routinely used to
generate coherent short wavelength radiation in the soft x-ray and extreme ultraviolet
(XUV) regimes. HHG-based XUV sources require a highly intense driving pulse to be
focused into a target gas typically within a gas cell, gas jet or hollow capillary. They
can be used for a variety of applications, one of which is nanoscale imaging. The work
presented in this thesis focuses on the development of two high flux HHG sources for
use in tabletop nanoscale imaging; a capillary based HHG system using a Ti:Sapphire

based laser and a gas cell based HHG system using an Yb-doped fibre laser.

The manufacture and use of a 7 ¢cm hollow core capillary in HHG is described. The
propagation of the pump pulse is modelled using a new nonlinear propagation model and
compared to experimental results. The pulse is found to undergo pulse self-compression
using a new regime of high ionisation pulse compression. The pulse is observed to reduce
in length from 53 fs to 28 fs, with post compression reducing this further to 15 fs. The
XUV spectrum from the 7 cm capillary is measured and its dependence on gas pressure
discussed using calculations of the XUV transmission within the capillary. Using the
observations made of the 7 cm capillary a new more efficient 4.5 cm capillary is designed
and manufactured. Comparison between the two capillaries shows an increase in flux of
the new capillary design of more than an order of magnitude, with a calculated value of
5.3%10'2 ph harm™" s~ em™2, one of the highest in the world.

A gas cell is used in the Yb-doped fibre laser based HHG source and the XUV signal is
measured using an XUV photodiode. The XUV signal is characterised by measuring its
dependence on focal position, gas pressure and pump laser power. A novel method of
increasing the flux by twisting of a second lens outside the vacuum chamber is discovered
and was found to double the measured signal. The maximum flux for this fibre laser
based HHG source is calculated and found to be 2.2x10'? ph s~!, the highest measured
for a fibre based HHG source.
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Chapter 1

Introduction

The advent of the laser in 1960 [1] heralded a new era in the exploration of light matter
interactions. This was rapidly followed in 1961 by the work of Franken et al [2], who
showed for the first time nonlinear light matter interactions by demonstrating second
harmonic generation from a ruby laser line. From that first experiment the field of
nonlinear optics was born, growing to a huge field that studies the nonlinear interaction
between light and matter. Harmonic generation is one result of the nonlinear response of
a material to an applied optical field and is used in many areas of science and technology

to generate coherent beams at different frequencies.

During the early nineties two models were produced [3,4] to describe a process by which
one could generate high order harmonics, producing a coherent beam of electromagnetic
radiation with wavelengths in the extreme ultraviolet (XUV) range. This process was
named high-harmonic generation (HHG) [5,6]. Since its discovery the limit of HHG has
been pushed to energies of 3.5 keV, corresponding to sub nanometre wavelengths [7].
There are many uses for this short wavelength coherent beam, one of which is nanoscale

imaging, the driving force behind this work.

The following introductory sections will describe the motivation for the research carried
out; a brief introduction to possible x-ray sources, HHG, a description of the laser sources

and generation geometries used to produce HHG in this thesis.

1.1 Motivation - tabletop nanoscale imaging

1.1.1 Non-optical nanoscale imaging

The diffraction limit [8] necessitates the use of X-ray / XUV radiation if one desires
nanoscale imaging using optical techniques. There are alternative methods for nanoscale

imaging that have their own advantages and disadvantages.

1
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Electron microscopy [9,10] is the most commonly used imaging method for the nanoscale
regime. Scanning electron microscopy (SEM) uses an accelerated electron beam to probe
a surface, the ultimate resolution of an SEM being set by the energy of the electrons
in the beam. In practice focusing and collecting the electrons places a different limit
on the resolution; even so, resolutions in the nanometer regime are commonplace. SEM
typically requires a conducting surface to avoid charge build up on the sample, thus
limiting the samples one can observe. It is possible to coat non-conductive samples
with gold allowing a larger variety of samples to be imaged, however, this process can
fundamentally change the structure of the object. SEMs are widely used in the applied
and biological sciences to provide high resolution images including manmade structures,

animals and even bacteria.

In transmission electron microscopy [11] (TEM) the transmission of a high energy elec-
tron beam through a sample is used to map the structure within, requiring very thin
samples due to the strong interaction of the electron with the atoms of the sample. The
different interactions of the electrons with the sample have lead to a multitude of dif-
ferent imaging techniques. These include bright field imaging, where the absorption or
transmission of the electrons produces an image of the sample; dark field or diffraction
contrast imaging, where Bragg scattering from crystal planes is used to study a sample’s
structure; and phase contrast imaging, where the complex phase of the transmitted elec-
tron waves is affected by interaction with the sample. The versatility of TEM imaging

has lead to them being routinely used in many areas of research.

Other methods exist for probing the nanoscale regime that do not use electromagnetic
radiation, including atomic force microscopy, scanning tunnelling microscopy and fo-
cused ion beam technology. X-ray microscopy can complement this current range of
imaging techniques. It is non-invasive although not always non-destructive, due the
potential for generating a Coulomb explosion [12] of the sample. However, the short
timescale of the pulses allows information to be extracted prior to this. It can be used
on non-conducting samples and the wavelength of the probe can be adjusted to increase
the contrast of certain elements. For example radiation between 3 - 5 nm, known as the
water window [13], has very low absorption in water but high absorption by carbon; as
such one could use this to image organic material in solution, a feat not possible with

other techniques.

1.1.2 X-ray / XUV sources

HHG is not the only source of X-ray / XUV radiation generated for experimental pur-
poses. Large installations exist that already produce hard and soft x-rays. Examples
include Synchrotron sources such as Diamond [14] at the Rutherford Appleton Lab-
oratory near Oxford and free electron lasers (FELs) such as FLASH [15] situated in
Hamburg.
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Synchrotrons are particle accelerators that use accelerated electrons to generate high
energy x-ray radiation. Charged particles that undergo radial acceleration emit Syn-
chrotron radiation, whose energy is dependent on the energy of the particle and the
bend radius. In a Synchrotron, electrons are accelerated to high energies and emit
radiation by the use of bending magnets, wigglers and undulators. Bending magnets
and wigglers produce broadband radiation, whereas the period of the oppositely poled

magnetic fields in an undulator is such that the electrons emit radiation in narrow bands.

FELs generate x-rays using a linear particle accelerator and operate on the principle of
self-amplified stimulated emission. An electron bunch is accelerated along the length of
the FEL, typically hundreds of meters, to energies up to 1 GeV in the case of FLASH.
At this point the electrons pass through a long undulator. Initially they emit inco-
herently, however due to interactions between the electrons and the emitted radiation
they undergo micro-bunching, forming bunches separated by a distance equal to a single
wavelength. At this point the electrons emit in phase and produce a coherent beam
of radiation. The wavelength of the emitted radiation can be tuned by adjusting the

strength of the magnetic field in the undulator or the energy of the initial electrons.

Although these are very bright high energy sources, they are also built on a huge scale

and cost hundreds of millions of pounds to build and run.

Examples of smaller sources include x-ray lasers and laser plasma sources. X-ray lasers
typically use multi-joule pulses focused to a narrow line on a solid target [16], generating
a plasma column of highly charged ions that acts as a single-pass amplifier. The lasing
line depends on the material used but can range from 3 - 50 nm [17]. The lifetime of the
excited states in x-ray lasers is very short, as a result these sources are used as single-
pass amplifiers for a coherent HHG seed beam or produce a weakly coherent beam of

amplified spontaneous emission.

Laser plasma sources use a high energy pulse typically focused to intensities ranging from
10 —10'® Wem™2 on a target. The plasma generated by the pulse emits radiation in the
hard [18] and soft x-ray regimes [19] due to the relaxation of the hot electrons generated
within the plasma. The emission of these sources can either be broadband thermal
emission from the hot electrons or from emission lines; for example the K, [20] emission
line for an electron transition between the 2p or second L shell to the 1s or innermost
K shell. In both cases the emission is into 27 steradians producing two experimental

issues, collection of the radiation and protecting optics from the ablated material.

1.1.2.1 Basics of HHG

HHG occurs when an intense driving laser field is incident on an atom. The highly
intense field can distort the Coulomb potential of the atom to such an extent that a

potential barrier is created and a valence electron can tunnel through the barrier into



4 Chapter 1 Introduction

free space. In free space the electron is accelerated by the driving field and follows
a trajectory that can cause it to recombine with the parent ion. The kinetic energy
gained by the electron during its acceleration is emitted as a high-energy photon. This
process can be modelled semi-classically and quantum mechanically. It is known as the

three-step model [3,4,21] and will be discussed in more detail in Section 2.1.

Unlike the x-ray laser, the laser plasma source and the Synchrotron, HHG produces
an intrinsically coherent beam, which is important for many experiments including far
field optical imaging. In addition to this the HHG process generates a few femtosecond
long pulse train of attosecond pulses in sync with the fundamental pulse, enabling pump

probe experiments [22] and the exploration of ultrashort dynamics [23].

1.1.3 Uses of a coherent XUV beam

Microscopy in the XUV can be achieved using objective lenses such as zone plates [24];
however, a technique for imaging in the soft x-ray / XUV regime without the need for
objective lenses, known as coherent diffractive imaging (CDI), is becoming increasingly
popular. In CDI the scattered light transmitted through a sample is collected on a
charge coupled device (CCD) camera and the phase information is retrieved using an
iterative algorithm [25-27]. Using this method sub 30 nm resolutions have recently
been demonstrated by Seaberg et al [28] using a capillary based HHG source producing
13 nm radiation. Current phase retrieval algorithms require the diffracted image from
single harmonics, however a new method has been developed that can use multiple
wavelength diffracted images [29], increasing the number of photons available from the
HHG spectrum. In 2007 the CDI technique was extended by Rodenburg et al [30] to
allow imaging of extended objects with x-ray resolution using a technique known as

ptychography.

HHG typically uses pulses of a few tens of femtoseconds to generate attosecond bursts
of XUV within an envelope of a few tens of femtoseconds. It has been shown that
single attosecond pulses can be generated using polarisation gating [31], where the front
and back of the pulse are circularly polarised, in which the field does not return the
accelerated electron to the parent ion and thus cannot produce HHG. The result is
a single attosecond XUV pulse. The attosecond pulses have high intensities and may
therefore prove useful in examining the nonlinear response of materials in the XUV region

[32,33]. This area has not yet been well explored but offers exciting new challenges.

One of the limits of any imaging technique is the signal-to-noise ratio (SNR). To improve
the SNR one can increase the integration time, which for current HHG systems ranges
from minutes to tens of minutes. Development of a high flux HHG source would reduce
this time making scanning microscopy and ptychography in the XUV possible. The

exploration of nonlinearity in the XUV regime requires high intensities and therefore
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high flux coupled with short pulses. A high flux HHG source is more likely to observe
nonlinearity in the XUV regime. Both of these areas of research require high flux levels
in the XUV and improving the wavelength or flux of the generated harmonics would
allow for higher resolution imaging. This is the driving force behind the work shown in
this thesis.

1.2 A table-top XUV source

Two HHG sources have been developed in the course of this thesis. The conventional
system uses a Ti:Sapphire chirped pulse amplifier (CPA) that can produce 3 mJ, 40
fs pulses at a repetition rate of 1 kHz. The second system is a fibre based CPA that
has been designed and built by Dr Jonathan Price within the Optoelectronics Research
Centre [34,35]. The use of fibres allows higher average powers and thus higher repetition
rates for a given pulse energy (16.6 kHz or 33.3 kHz) at 1055 nm with 380 fs pulse lengths.

The next two sections will briefly describe each of these systems.

1.2.1 Ti:Sapphire based CPA system

The main system shown in Figure 1.1 was supplied by Spectra Physics. A Tsunami
Ti:Sapphire oscillator is pumped by a frequency doubled (532 nm) diode pumped solid
state (DPSS) neodymium yttrium vanadate (Nd:YVO,) Millennia laser. The oscillator
produces 35 fs pulses centred at 790 nm running with an average power of 450 mW at
a repetition rate of 79 MHz. Upon entering the Spitfire Pro CPA the seed pulses are
stretched by a grating stretcher to ~200 ps in length, after which a Pockels cell is used
to select a pulse for amplification. This pulse enters the regenerative amplifier cavity
of the amplifier. The Ti:Sapphire crystal in the amplifier is dual end pumped by a 17
W Positive Light ‘Evolution’ frequency doubled DPSS Nd:YLF laser. The Evolution
runs at a 1 kHz repetition rate and produces 5 ns pulses. The seed pulse completes 13
round trips within the cavity before being switched out by a second Pockels cell. It is
passed through a telescope before passing through a grating compressor where the pulse
length is reduced to 40 fs. The output pulse has an energy up to 3 mJ with a central
wavelength of 790 nm. The CPA runs at a repetition rate of 1 kHz.

The pulse length can be adjusted by changing the path length within the compressor.
The output power of the laser can be adjusted by changing the current supplied to
the diodes of the Evolution. The change in pump power reduces the gain at each pass
through the Ti:Sapphire crystal resulting in more round trips to achieve high power. The
pulse is still switched out after 13 passes and thus has an energy which is dependant
on the pump power. There is no change to the pulse length, allowing control over the

power and thus intensity of the laser pulse.
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Figure 1.1: Spectra Physics CPA system for HHG. Comprises two 1064nm diode pumped lasers
(Millenia, Evolution), Ti:Sapphire seed laser (Tsunami),and a regenerative cavity
based CPA (Spitfire Pro).

1.2.2 Fibre laser based CPA system

The ytterbium-doped fibre CPA used in the experiments discussed in Chapter 6 was
developed by Dr Jonathan Price. It is based on a single-pass CPA design using Yb
doped optical fibre as the gain medium. A fibre oscillator produces 150 fs pulses at 50
MHz. The output beam is coupled through an electro-optic modulator (EOM) which
reduces the repetition rate to 100 kHz. The pulses are then stretched in a bulk grating
stretcher to approximately 1 ns and coupled back into a series of core pumped fibre
preamplifiers that raise the power to 0.1 W. The repetition rate is reduced twice more
using acousto-optic modulators (AOM) to 33.3 kHz and finally 16.6 kHz. Two cladding
pumped final amplifiers, one after each AOM raise the pulse energy further still. The
amplifiers are all pumped by electrically driven continuous wave 975 nm diode lasers
coupled into the amplifier fibres. The amplified pulses are compressed in a bulk stretcher
down to 450 fs with an energy of ~ 99uJ centred at 1055 nm. A schematic of the laser
design produced by Dr Price is shown in Figure 1.2. In addition to this a phase only
pulse shaper was installed after the grating stretcher to mitigate some of the effects of
the nonlinear propagation in the final amplifiers. A genetic algorithm used the feedback

from a 2 photon detector to reduce the pulse length from 450 fs to 380 fs.

1.2.3 Laser diagnostics

Diagnostics are carried out using a 2% beamsplitter to direct a portion of the beam into

a frequency resolved optical gating device (FROG) [36] and an in house M? meter.

The M? is a measure of beam quality [37], which affects how a beam focuses. A perfect
Gaussian beam has an M? = 1. The M? can be measured by recording the spot size of

the beam at regular intervals through a focus. The variation of the spot size through the
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Figure 1.2: Schematic of the CPA based fibre laser currently under development as a source for
HHG.

focus is determined by the M? and so the M? can be calculated by fitting the measured
values. Knowledge of the M? and thus the focal spot size is important for efficient

coupling into a capillary, as discussed in Section 2.3.4.

FROG is a method of ultrashort pulse measurement that uses frequency-resolved auto-
correlation. The pulse is gated with a variably delayed replica of itself inside a nonlinear
crystal. The resulting spectrogram is recorded on a spectrometer. The spectrogram is
the set of spectra at all temporal slices of the pulse. As the gate function is not known
in FROG an iterative Fourier transform algorithm is used to find the pulse intensity
and phase. Various types of beam geometries can be used for FROG [38] but the one
employed here is based on second harmonic generation (SHG). The FROG used in this
work is a Swamp Optics GRENOUILLE 8-20. It is a simplified version of the SHG
FROG [39], a comparison of the two is shown in Figure 1.3 taken from the Swamp

Optics Grenouille tutorial.

In standard SHG FROG a delay line is used to generate the variable delay between the
pulse and the gate, in the Grenouille this is replaced by a Fresnel biprism. When a
beam hits a Fresnel biprism it is split into two beams that are crossed at a given angle.
The crossing of the beams within a nonlinear crystal allows single shot measurements

of the pulse to be made, as the time delay between the two pulses depends on the
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Figure 1.3: TOP:Schematic of a standard SHG FROG setup comprising a beamsplitter, de-
lay line, focussing optic and spectrometer. BOTTOM: Schematic of the Grenouille
design that uses a Fresnel biprism and thick nonlinear crystal to replace the
delay line and spectrometer respectively. (Image taken from Swamp optics:
http://www.swampoptics.com/tutorialsGRENOUILLE.htm)

horizontal position within the crystal. The use of a thick nonlinear crystal acts as a low
resolution spectrometer [39]. The thick crystal has a small phase-matching bandwidth,
so the phasematched wavelength that it produces varies with angle. The cylindrical
lens used to focus the beam into the crystal means that in the vertical direction the
second harmonic spectrum produced is spatially resolved. Two final cylindrical lenses
image the resultant vertical angle (wavelength) to the vertical position on a camera and
the position in the crystal (time delay) to the horizontal position on the camera. The

Grenouille used here is capable of measuring 20 fs pulse lengths.

For very short pulses with large bandwidths dispersion within the Grenouille can ar-
tificially lengthen a pulse. As a result for short wavelengths one must back propagate
through the first cylindrical lens, the Fresnel biprism and nonlinear crystal itself. The
thickness of these components was measured and produce a second order dispersion of
220 fs%. The dispersion of these components is used in Chapter 4 to calculate the actual

length of an output pulse from a capillary.
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1.2.4 Generation Geometries

HHG is typically achieved using a gas as the target medium.The noble gases, helium,
neon, argon and xenon are typically used [40] although the use of molecular gases has
also been studied [41,42]. Figure 1.4 shows the three basic geometries used in gas based
HHG. The top two are free space geometries with no external guiding of the beam. The
beam is focused through either a gas jet or cell. Free space geometries benefit from high

transmission and ease of alignment.

The capillary waveguide geometry allows an increased interaction length and more con-
trol over phase-matching conditions using the waveguide structure itself. Alignment of

this geometry is more difficult and losses are higher.

Both types of HHG geometry have their benefits and the group is continuing to work
with both to determine which is ultimately more useful. The work discussed in the
first three experimental Chapters uses capillary based HHG whilst the reduced space
and complexity in the fibre laser lab necessitates the use of a more compact gas cell

approach as is shown in Chapter 6.

1.3 Thesis aims

The basics of HHG, the motivation behind a high flux tabletop XUV source and the laser
systems and basic geometries employed within the group have been discussed. Based on

these, the main aims of this thesis are:

e To study pump pulse propagation within short hollow core capillaries to improve
the XUV flux and energy of capillary based HHG.

e To create a high flux HHG source using a Yb doped fibre CPA laser, leading to a

new generation of high flux, compact XUV sources.

The first three Chapters of this thesis focus on capillary based HHG. Chapter 3 begins
with an introduction to short hollow core capillary manufacture and discusses some of
the initial observations made when coupling high intensity pulses into an argon filled
capillary. It then uses the nonlinear propagation model described in Section 2.4 to
examine the effects on the pump pulse in the frequency domain whilst testing and

improving the accuracy of the model itself.

Chapter 4 extends this work into the time domain and compares the experimentally
measured output pulse to the theoretical equivalent for a range of input powers and
pressures. The results lead to another improvement in the way the model is applied and

the pump pulse is found to undergo self compression, which is discussed before moving
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Figure 1.4: Schematic of the three geometries commonly used in HHG. A gas jet (a), a gas cell
(b) or a capillary waveguide (c).

onto the XUV spectra generated. The measured XUV spectra for a range of pressures

is studied and their dependance on pressure is discussed.

In Chapter 5 a new capillary is designed and manufactured based on observations and
analysis of the previous two chapters. The model is used to help design a higher flux
capillary by maximising the nonlinear mode coupling, discussed later, that occurs during
the pump pulse propagation. This leads to a shorter more effective capillary that boasts

a much greater flux.

Chapter 6 leaves capillary based HHG using bulk lasers for gas cell HHG using an Yb
doped fibre CPA laser. Experiments are carried out using a compact xenon filled gas cell
setup and an XUV photodiode to generate and detect an XUV signal. The dependence
of this signal on pressure, power and focal position are explored to maximise the XUV
flux, which is then calculated and compared to the flux of the newly designed capillary

from Chapter 5.



Chapter 2
Background and Theory

The four experimental chapters within this thesis are separated into two distinct ar-
eas, the first covering pulse propagation and HHG using hollow core capillaries, the
second focusing on HHG using a high repetition rate fibre laser system. The theory
required to understand the drive behind them will be discussed in the following sec-
tions. The first section will describe the theory behind HHG, looking at both the semi
classical and quantum mechanical (QM) models. These two subsections will explain the
source of the high harmonics and what predictions can be made based on experimental
conditions. Efficient harmonic conversion requires a coherent growth of the harmonic
signal during propagation of the field, which is discussed in the phase-matching section.
This will explain the basics of phase-matching and how the conversion efficiency can
be improved within the limits of the experiment. The third section concentrates on
the theory required to understand the pump pulse propagation. It will be separated
out into four sections, discussing the nonlinear, dispersive and ionisation induced effects
on propagation, ending with a brief description of capillary based propagation. Due to
the complexity of the propagation within the capillary the theory associated with this
work has been developed by Dr Peter Horak in conjunction with the Ultrafast X-ray
Group. The propagation model, which is based on a multimode generalised nonlinear
Schrodinger equation (MM-NLSE) will be briefly described. All theoretical data re-
lated to the pump pulse propagation within the capillary was calculated by Dr Horak

in conjunction with myself.

2.1 High harmonic generation

Two models are currently used in the field to explain the HHG process. The semi-

classical model treats the driving field and the ionised electron classically, whereas the

11
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QM model uses the time dependent Schrodinger equation to model the electron wave-
function within a soft Coulomb potential. The following two sections will describe the

basics of these models, the predictions they make and the limitations that are seen.

2.1.1 Semi-classical model

The semi classical model conceived by Corkum [3] treats the single atom response to
a high intensity electric field, summarised in Figure 2.1. As the intensity of the field
increases its potential distorts the Coulomb potential of the atom allowing a valence
electron to tunnel through the barrier created by these two potentials. The ionised
electron appears in free space with zero initial velocity and is accelerated by the driving
laser field. The trajectory that the electron follows can be modelled classically and has
a finite probability of returning the electron to the parent ion. During the course of
its trajectory the electron gains kinetic energy which can be released as an extreme

ultraviolet (XUV) photon if the electron recombines with its parent ion.

Figure 2.1: Three-step model of HHG. (a) Driving field distorts Coulomb potential allowing
electron to tunnel out and accelerate in driving field (b) Field reverses accelerat-
ing electron back towards parent ion. (c¢) Electron recombines with ground state,
emitting photon.

The classical trajectory of the electron can be calculated by modelling an electron under
the influence of a sinusoidal driving field E = Ejsin(wt). Using the assumption that the
electron has zero velocity at time ¢t = ty and a position of x = 0 at time ¢t = ¢ and t = ¢y

one can calculate the position, velocity and acceleration of the electron using Newton’s
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second law.

x = % (:} (sin(wtg) — sin(wt)) + (¢ — to) cos(wt0)> (2.1)
T = % (cos(wtp) — cos(wt)) (2.2)
= % sin(wt) (2.3)

where e, m are the charge and mass of an electron respectively, Ey is the electric field
amplitude and w is the angular frequency. ty is the release time and ¢ is the return

time of the ionised electron.

The trajectory that an ionised electron will take depends strongly on the phase of the
driving field at the moment of ionisation. Using equation 2.1 the electron trajectories
for four release times (tp) within the optical cycle were modelled and shown in Figure
2.2. The ionised electron will only return to the parent ion if it is released when the
phase of the driving field is between 7 and 7 or 37“ and 2w, these are shown by the
green and light blue trajectories. In other cases the electron is accelerated away from
the ion, shown by the dark blue and red trajectories. The arrows indicate the velocity
of the returning electrons. The electron released at 7 returns with zero velocity, whilst
the electron released at %’T returns with almost maximum velocity. Recombination can
only occur every half optical cycle, which produces a series of XUV intensity spikes in
the time domain. The Fourier transform of this is a spectrum comprised of a series of
harmonics of the fundamental driving frequency. As the XUV spikes occur twice each
optical cycle in the time domain, only even or odd harmonics can be generated. The
alternate XUV emissions occur with a 7 phase shift with respect to each other resulting

in odd harmonics.

It is possible to use the classical electron velocity from this model to calculate the
maximum, or cutoff energy that an emitted photon can have [43]. The return velocity
can be calculated by replacing t with ¢; in equation 2.2, from which the return energy
can be calculated. Figure 2.3 shows the electron return energy as a function of the

travelling time 7 = t; — tg. This gives a cutoff energy of
Ecutorr = 317U, + I, (2.4)

where I, is the ionisation potential of the atom and U, is the ponderomotive potential
of the electron and is given by

2E2
_ 5o

Up = Amw?

(2.5)

The ponderomotive potential is the average kinetic energy imparted to a charged particle

by a sinusoidal electric field.

An electron that returns to the ion with an energy less than 3.17U,, can take two possible

trajectories. These are known as the long and short trajectories. The harmonic emitted
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Figure 2.2: Electron trajectories for four different release times. The top figure shows the elec-
tron position, the bottom the velocoity. The solid black line is the driving field, the
thinner coloured lines represent different electron trajectories. The electron position
only returns to zero and hence can recombine if it is ionised at certain phases of
the driving field. The arrows show the velocity of the two returning electrons at the
point where they can recombine.

p

Return Energy /units of U

Travelling Time (radt)

Figure 2.3: Return energy of electron as a function of the travelling time. The energy is given in
units of the ponderomotive potential of the electron. The maximum return energy
occurs at a travelling time of 4.09 rads/w. Trajectories with travelling times less than
this are known as short trajectories ‘71’ those greater are called long trajectories ‘1o’.
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in each case has the same energy but has acquired a different phase due to the differing
time the electron spent under acceleration by the driving field. This is the ‘atomic phase’

and will be discussed further in Section 2.2.

The harmonic spectrum produced by HHG contains three distinct regions, shown in
figure 2.4, the perturbative, the plateau and the cutoff regions. The position of the cutoff
region is defined by equation 2.4 and contains the highest energy harmonics. Between
the perturbative and cutoff regions there is an equal probability that an electron will

return with any energy up to the cutoff and so a plateau is observed.

Figure 2.4: High harmonic spectrum shows a perturbative region with harmonics of highest
intensity. Following a rapid decrease of intensity is the plateau region, an area of
constant intensity. The spectrum ends in a cut-off region, which has the highest
generated harmonics.

The semi-classical model detailed thus far can predict the electron trajectories and the
cutoff energy, however, it does not explain the recombination process nor where the
nonlinearity in this harmonic generation system exists. To answer these questions one
requires a QM model of HHG [4].

2.1.2 Quantum Mechanical Model

The treatment of the driving field in this model remains classical, the difference exists
in the treatment of the electron. In the previous section the electron was treated as a
classical particle in free space under the influence of a driving field. The QM model treats
it as an electron wavefunction within a soft Coulomb potential. The model described in
the following pages is a simplified version of the real situation. The driving field is linearly

polarised and so a 1-D atomic potential is used instead of the full 3-D atomic potential.
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This is appropriate for this case but would require changing to predict the effects of
elliptically polarised fields. In addition the atom is modelled as a single electron bound
within a soft Coulomb potential that is scaled to provide the appropriate first ionisation
level for the atom in question; in the case of argon it is 15.76 eV. The time dependent
Schrodinger equation (TDSE) is used to calculate the change of the wavefunction over

time.

1) = A1) (2.0
where |1, t) is the electron wavefunction at time ¢ and H is the Hamiltonian operator
which will be described later. To calculate the change of the wavefunction in time one can
use a Taylor expansion of |1, ty + t). The Taylor expansion is not a stable propagator,
however, as will be discussed the final propagation uses the Crank-Nicholson [44] scheme

to produce stable a result. The Taylor expansion of |4, tg + t) is given as

0
|¢at0+t> = |¢7t0>+(t_to)§|¢vt0>+ (27)

One can substitute into this using equation 2.6 to give

i

(¢ = to)H [0, t0) (28)

‘wvto + t> = |’(7Z)7t0>

Factorising this produces a time propagation operator that can be used in this approxi-
mation

sto+1) = | = (e~ to) 1] .o (2.9)

where I is the identity operator. To use the time propagator one must know how to

apply the Hamiltonian. In this case the Hamiltonian is given as

. n? 092

where m is mass of an electron and V' (z) is given by

R S
dmeo \/ad + x?

where e is charge of an electron, g is the permittivity of free space, ag is the Bohr radius

V(z) = +eEx (2.11)

and x is the distance from the atom. The first term is the soft Coulomb potential of the
atom. A soft Coulomb potential is used to avoid generating singularities in the numerical
simulation. If the Bohr radius is used as in equation 2.11 the first ionisation level is ~ 19
eV. This is changed to fractions of the Bohr radius to scale the first ionisation level to
the atom in question, in the case of argon the first ionisation level is at 15.76 eV. This

and the initial ground state wavefunction of the outer valence electron are shown in
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Figure 2.5. The second term is the potential exerted on the electron by the driving field,
E. Both of these terms are simple to use in numerical simulation, the more complicated

term is the second order partial differential in space.

0.1 T r r T T 0

>

. 2
c =
= T
o =
3 T
2 °
o a
S 0.05f a
7] €
e o
c S
5 o
= -20©
O] =
o

I}

0
0.3

distance /nm

Figure 2.5: The ground state electron wavefunction (blue line) within the soft Coulomb potential
(green line).

To calculate 8—22 one can again turn to a Taylor expansion, written as
ox
0 5 02
|, x0 + ) = |, x0) + Axa— [V, w0) + Ax®— |[¥, 20) + ... (2.12)
x ox
where Az = xg + x. It is possible to write out a similar expansion for |y, g — x)

0 0?
|, o — x) = |1, xo) — Ax% v, o) + Ax2@ |, xo) + ... (2.13)

If equations 2.12 and 2.13 are added together one can rearrange the result to obtain

672‘1/] T > ~ |1JJ,LEO—$>—2|1[),$0>+|T[),$0+.’E>
o2 T = Az?

(2.14)

Therefore if one knows the wavefunction for all x one can calculate g% by differencing.
Within the numerical model this is achieved by multiplying the wavefunction by a tri-
diagonal matrix constructed from the above equation. From here on to simplify the
nomenclature |1, z;,t,) will be written as 1. With this equation 2.14 becomes

Pyl _ g = 20k + i

2 AL2 (2.15)
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By substituting this into equation 2.10 the full form of the time propagation of the

wavefunction shown in equation 2.9 can be written as

. A B2 /il — o 4 qhi—1 ‘

This is known as the ‘forward time central step’ scheme (FTCS), an equivalent of this
can be written propagating in the opposite direction to calculate @ZJ;_I, known as the
‘backward time central step’ (BTCS). Neither of these propagation schemes are stable
when used individually, however it has been shown that the average of the two is sta-
ble. This is known as the Crank-Nicholson [44] scheme and is used to propagate the
wavefunction forward in time. Using this, the final equation used to calculate the time

propagation steps of the electron wavefunction is

LAt N\ TN AL
¢n+1 = (I %H> (I - %H) wn (2'17)

where I is the identity operator. An example of the results produced by this numerical
simulation is shown in Figure 2.6. This shows a 7 fs driving pulse (black line) incident on
a single atom. The colourmap is log plot of the probability distribution of the electron
wavefunction in time and space. The x-axis shows the time whilst the y-axis shows the
distance from the centre of the atom. A function is applied to the wavefunction that
reduces it to zero at spatial boundaries to prevent unreal reflections in the simulation.
The soft Coulomb potential combined with that of the driving field creates a potential
barrier that the classical electron can tunnel through. Here the electron is modelled as
a wavefunction and so a portion of this wavefunction may tunnel through the barrier
and be accelerated away from the centre of the soft Coulomb potential along similar
trajectories to those described in the semi-classical model, Figure 2.6. This can be
seen in Figure 2.6 in the form of sinusoidal like ripples in the probability distribution.
The greatest proportion of the probability density remains bound with the atom at the
centre, however an unbound portion of the wavefunction propagates out into free space

and can be seen to return to the core later.

The returning unbound portion of the wavefunction acquires a different frequency to the
bound part at the origin due to acceleration by the driving field, resulting in interference
between the two. This interference causes a dipole oscillation at the beat frequency of
the bound and unbound portions of the wavefunction. The oscillating dipole generates
the XUV field and its response to the driving field is highly nonlinear. In the model the
expectation value of the position of the electron wavefunction, (z), can be calculated.
The second derivative with respect to time of this expectation value gives an acceleration
which is assumed to be equal to the field generated by the oscillating dipole. This
acceleration is calculated every few time steps within the numerical simulation to produce

the new XUV field. The time derivative of the expectation value of an operator can be
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Figure 2.6: Plot of the probability distribution of the electron wavefunction in time and space.
The solid black line represents a 7 fs driving pulse. The colour map is a log;, plot
of the probability density of the wavefunction. The greatest density remains at the
core, areas of high probability density propagate away and return to the nucleus in
similar trajectories to those in the semi-classical model.

written as ) .
0= () i) s

Most operators are time independent and thus <%‘§> = 0. Using equation 2.18 the

acceleration of the dipole and hence XUV field can be calculated as
0% L/ra [#
2 o= ([ o] 2

The electric field of the generated XUV is proportional to this dipole acceleration. The
temporal field calculated from Figure 2.6 is shown in Figure 2.7. The field has had the
lower frequency components filtered to show the high frequency XUV field. The Fourier
transform of the temporal field is shown in Figure 2.8 and is the expected spectrum
from an ensemble of single atoms. The plateau and cutoff regions are clearly visible.
Harmonics cannot be seen before the cutoff region due to interference between the XUV

fields of the long and short trajectories.

The initial coding for this simulation was carried out by Dr W.S Brocklesby. The

simulation is written in Matlab and C and is being used by the group to understand the



20 Chapter 2 Background and Theory

Figure 2.7: Electron acceleration driven by a 7 fs pulse. The green line represents the 7 fs driving
pulse, the blue line indicates the XUV field which is the electron acceleration. This
is obtained by removing the lower frequency components from the dipole oscillation.

Figure 2.8: XUV spectrum produced by HHG using a 7 fs driving pulse. The spectrum is the
Fourier transform of the XUV field shown in Figure 2.7. The harmonics at the cut-off
are visible between 80 and 90 eV.

HHG process more fully. In the future the model will be used to predict HHG in the
short hollow core capillaries used in this thesis. I have begun this work already but it is

still at an early stage.

2.2 Phase-matching

For any nonlinear optical conversion process to be efficient it is necessary to have coherent
emission from a large number of atoms. As the driving laser field propagates through
the generation medium a harmonic field is produced that co-propagates with it. For

the induced harmonic field to build in intensity over the entire generation region its
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phase velocity must be equal to that of the fundamental driving field, i.e. it must be

phasematched. This is shown schematically in Figure 2.9.

Figure 2.9: Schematic of basic phase-matching for second harmonic generation. (a) Harmonic
produced at Q is in phase with that produced at P, constructive interference builds
up the signal. (b) Harmonic produced at @ is out of phase with that produced at P,
therefore they interfere destructively and the signal is reduced.

krr—wyt
re=wrt) and

Consider the electric field vector of the fundamental driving field Ey o el
that of the harmonic E, ¢ilkar=qwst)  The phase mismatch between the two, Ak,

must be reduced to zero for perfect phase-matching.
Ak =kq—qky =0 (2.20)

The phase mismatch between the fundamental and harmonic fields depends on dispersion
from the neutral gas atoms Akg;s , the free electrons Aky,, geometrical effects Aky. due
to focusing conditions and the method of generation and the atomic phase Ak,:. These

terms must be balanced for effective phase-matching

Equation 2.21 would produce perfect phase-matching in which the driving field and
harmonic remain in phase over an infinite distance. In practise it is rare that Ak = 0,
nonetheless phase-matching over the generation length is possible. A useful measure for
this is the coherence length, which is the distance over which the phase mismatch equals

.
v
Leoh = — 2.22
Ak (2.22)
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When the phase mismatch equals m newly generated harmonics will interfere destruc-
tively with previously generated ones, so L., indicates the length over which the coher-
ent growth of the harmonic field occurs. Figure 2.10 shows the harmonic build up for per-
fect phase-matching (blue) imperfect phase-matching (green) and quasi-phase-matching
(red). In quasi-phase-matching (QPM) techniques the harmonic field is generated for
a single coherence length followed by an equal distance of no generation and repeated.
This allows the harmonic field to grow over a length greater than the coherence length.
The increase in yield is equal to the number of QPM regions created. In HHG this is
achieved by either varying the pulse intensity [45] or the gas density [46].
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Figure 2.10: Plot of harmonic generation during propagation. Perfect phase-matching occurs
when Ak = 0 (blue line), when Ak # 0 (green line) the coherence length is given
by equation 2.22 and shown by the dashed line. QPM is shown in red where the
harmonic signal is increased in alternating regions.

2.2.1 Gas and free electron phase-matching contributions
HHG is inextricably linked to ionisation; as a result free electrons are produced in all

HHG experiments and the fundamental and harmonic fields propagate within a partially

ionised gas. The refractive index of the plasma for the fundamental can be written as

1
_ SR 2.93
Nfe = T2 (2.23)
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where wg is the angular frequency of the driving field and w, is the plasma frequency.

This is a function of the free electron density N, and is given by

Wy = (62N€>; (2.24)

meg

where the free electron density N, = PnN, depends on pressure, P in atmospheres
(atm), the ionisation fraction, n and the number density of atoms at 1 atm N,. From

equation 2.20 we can write the phase mismatch due to the free electrons as

Ak =k, — qko (2.25)

omq 1w?
Akpe = —.—-—L 2.2

Fe Ao 2wl (2.26)
2
Tqw

Akse = d 2.27

f )\Owg ( )

The free electron coherence length Ly, is then given as
Lio=—— (2.28)

Two approximations exist that can been made with respect to the contribution to the
refractive index from the ionised gas. The first is that the ions have a refractive index
of 1 and therefore do not contribute to the phase mismatch [47], the second, used here
assumes that the ionisation has no effect on the refractive index [48], i.e. the refractive
index of the ions is the same as the neutral atoms. The refractive index of a partially

ionised gas can be written as
n=1+P(5\)+ nol) (2.29)

where § = R(n) — 1, ng is the nonlinear refractive index and I is the intensity of the
driving pulse. From this the propagation constant can be written as
2 2wPS(N)

k~—+

IP 2.
h X + no ( 30)

where the terms correspond respectively to vacuum, neutral gas dispersion and nonlinear
refractive index. From this point on the nonlinear refractive index term will be left out
as it is small compared to the other terms. Using equation 2.20 the phase mismatches

corresponding to the neutral and ionised gas can be written as

Akais = qkr(n(Ag) — n(Ay)) (2.31)
Ay = BT 5007) ~ 60 (232)
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where P is the pressure in atm. Using equations 2.31 and 2.22 the coherence length of

the gas is

7T)\f 1
q2mP [6(Af) — 6(Ag)]

Luis = (2.33)
The coherence lengths of both the gas and free electrons are inversely proportional to the
harmonic order ¢ and the gas pressure P. The high harmonics shown in later chapters
range from the 17th to the 31st harmonic order. It is important to note that as the
harmonic order is increased the coherence length and thus the length over which HHG
can occur will decrease. HHG therefore becomes very inefficient for higher values of ¢
unless the phase mismatches are balanced. The phase mismatch due to the free electrons
is proportional to the ionisation fraction. As a result if the ionisation fraction is kept
low equation 2.27 becomes negligible and the phase-matching can be treated linearly;
this is known as the neutral gas limit. The above equations show that the total phase
mismatch is affected by the gas pressure and harmonic order. Only the free electron
contribution depends on the ionisation fraction and hence the pulse intensity, which

provides a degree of control over the total phase mismatch.

2.2.2 Geometrical phase-matching contributions

The geometrical phase mismatch depends on the generation conditions. Within a cap-
illary the geometrical phase mismatch is caused by the waveguiding properties of the
capillary itself. The driving field is subject to its effect which will be discussed in the
following section, however due to the short wavelength of the harmonics they are not
affected by it. As a result changes to the structure of the waveguide can be used to
balance the phase mismatch. The coherence length in this case is given by [49]

B 472 a?

=T (2.34)

wyg
u%m q)‘O

where Uy, is the Bessel function and a is the bore radius. As with the gas and free
electron dispersion terms, the waveguide phase mismatch and hence coherence length
is dependent on the harmonic order ¢q. This can be reduced by increasing the inner
capillary bore radius a as the coherence length scales with the square of the bore radius.
Whilst one could increase ¢ by an order of magnitude for an increase in radius of just
V/10, the subsequent reduction in pulse intensity will similarly reduce the cutoff. This is

a method that could only be used in conjunction with a very high intensity laser system.

In free space focusing geometries, such as gas cell or jet HHG, there is no waveguide to

provide a phase mismatch. In these cases the curved wavefront of a focused Gaussian
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field undergoes a phase shift given by [50]
1 kf?"2
= _ - 2.35
o(r,z) = arg [2(,20 +iz) P ( 2(z0 + Zz))] (2:35)

where r is the radial distance, z is the longitudinal distance and zy is the Rayleigh
length. To illustrate how phase shift can affect the phase-matching it is useful to look

at the phase change on-axis known as the Gouy phase, which can be written as [51]

¢ = arctan <z> (2.36)
20
The propagation vector due to the on-axis Gouy phase is then given by
dog
ko = 2.37
o= "5 (2:37)
20
ke = 2.38
Equation 2.20 therefore gives
Ak = — 120 7= (2.39)

224 q?2F 22+ 2R

The term due to the harmonic propagation vector is neglected as it can be approximated
by q%o ~ 0. Therefore the phase mismatch and coherence length due to the Gouy phase

are given by

Akg = — 2.40

¢ 22 4 22 (2.40)
(22 + 22 TZ

LGouy = ( 7% 0) ~ 70 (241)

The Gouy coherence length is proportional to the Rayleigh range [49], this makes it
more dominant for shorter focal length systems such as in the fibre laser HHG system
described in Chapter 6. It is worth noting that the Gouy phase mismatch shown in
equation 2.40 is also dependent on the relative position with respect to the focus. This
means that its contribution to the total phase mismatch changes with z, resulting in
different phase-matching conditions through the focus. This is observed in Chapter 6
where the phase-matching for a gas cell based HHG system is calculated using the atomic

and Gouy phase contributions.

2.2.3 Atomic phase contribution

The atomic phase is an intrinsic phase of the harmonic, dependent on the trajectory

of the ionised electron mentioned in Section 2.1.1. The atomic phase is given by the
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integral of the quasi classical action of the electron [52]

S(to,t1)

¢at = n

+ quty (2.42)

where ¢4 is the phase of the emitted harmonic and

S(to,t1) = /:1 (meg(t)z + Ip> dt (2.43)

0

where ty and ¢; are the tunnelling and return times of the electron.

The classical action is a function of the kinetic energy the electron acquires from the
driving field due to the time spent in the continuum. As the electron wavefunction is
accelerated the phase of the driving field continues to change. The unbound portion of
the wavefunction undergoes a frequency shift equal to the kinetic energy gained due to
travelling in the continuum. When it returns to the core, the phase difference is due to
the frequency shift the accelerated portion has acquired and the travelling time spent
in the continuum. As such the long and short trajectories provide different phase shifts
for a given harmonic and thus can vary differently for a given pulse intensity. This is
shown in Figure 2.11 which shows the atomic phase calculated for the long (blue) and

short (red) trajectories as a function of the intensity. The dependence on the driving
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Figure 2.11: Atomic phase contribution from the short (red) and long (blue) electron trajectories
as a function of the pulse intensity. The dependence of both long and short trajec-
tories is linear with pulse intensity, however the long trajectories have a stronger
dependence.

field intensity is found to be almost linear [52] for both long and short trajectories. The
intensity of the pulse varies across the beam therefore the atomic phase contribution

generates a curved wavefront. The dependence of the long trajectories is much greater
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than the short trajectories leading to a higher divergence of the subsequently generated
harmonics. As a result after significant propagation the short trajectory harmonics

dominate those created by the long trajectories.

It is important to note at this point that the atomic phase scales with intensity but
not with the harmonic number as in the previous three cases. At higher harmonics the
contribution from this term will become negligible compared to the free electron and

geometrical contributions.

It was shown previously in equations 2.4 and 2.5 that the maximum energy a harmonic
photon can have is proportional to the intensity of the driving field. Therefore to generate
higher harmonics an increase in the intensity of the driving field is required. At first this
appears to simply require tighter focusing, however, the ionisation fraction will increase
with the field intensity, decreasing Ly.. In addition the Gouy coherence length Lgouy
scales with the square of the focal length. The best method for increasing the intensity is
pulse compression. A few cycle pulse has a very steep leading edge resulting in a higher
intensity for low ionisation fractions. In this way higher harmonics can be generated
whilst maintaining long coherence lengths, allowing the harmonics more time to build

up and increase the total yield.

This is the driving force behind part of this project, to create a pulse compression system

that can reduce the current pulse length of 40 - 45 fs down to sub-10fs.

2.3 Pulse propagation

Propagation of an optical field within a medium results in a polarisation of the medium.
For large optical field strengths the response of the bound electrons within the medium is
anharmonic leading to nonlinear contributions to the total polarisation P. The general

relation for the polarisation of a medium is then
P =¢ (X<1>.E +x®.EE + Y® EEE + .. ) (2.44)

where &g is the permittivity of free space and y@) (j = 1,2,...) is the j"* order sus-
ceptibility. The first order susceptibility, x(!), is the dominant contributor to P and
is responsible for the linear refractive index and absorption of a material. The second
order, @, leads to nonlinear effects such as second harmonic and sum frequency gen-
eration. The third order susceptibility, x(¥), gives rise to temporal effects such as self
phase modulation (SPM) and self steepening, as well as spatial effects such as Kerr self
focusing. Centrosymmetric media such as gases have zero contributions from the sec-
ond order susceptibility, x(?), and so it will not contribute further, higher terms in the

material polarisation P will also be neglected as they are small compared to y*) and
3)
X\
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2.3.1 Nonlinear propagation effects

In a low pressure monatomic gas the response of the medium to a pulse can be approx-
imated to instantaneous. This assumes, due to its increased mass the response of the
nucleus is long compared to timescale of the pulse, and so does not contribute to the
field. In this case the nonlinear polarisation Py can be related to the electric field
E(r,t) by [53]

Pri(r,t) = cox®E(r, t)E(r, t)E(r, t) (2.45)

where the electric field of the pulse E(r, t) can be written as a product of a slowly varying

envelope and a fast oscillating term.
E(r,t) = E(r,t) expi(kr — wot) (2.46)

E(r,t) is the slowly varying field amplitude, k is the propagation constant of the field
discussed in the phase-matching section, r is the the vector representing the Cartesian
coordinates (z,v, z), wp is the central angular frequency of the pulse spectrum and t is
time. Substituting this term into the nonlinear polarisation, equation 2.45, produces a
term that oscillates at wy and one that oscillates at 3wy. The third harmonic term can
be ignored in this case as it requires specific phase-matching, leaving the polarisation
amplitude equal to

Pnp(r,t) = epen E(r,t) (2.47)

where e, is the nonlinear contribution to the dielectric constant and is defined as

3
ENL = ngi)mr‘E(ra t)|2 (248)

The dielectric constant of the material is now given as
e(w) =1+ X (w) +ent (2.49)

The inclusion of ey, to the dielectric constant results in an intensity dependance of the

complex refractive index of the material, usually written as
i = ng + na| B(r, t)[? (2.50)

where ng is the linear part of the refractive index and ns is the nonlinear refractive index
given by
3 5@
ng = —R( ) (2.51)

It is the intensity dependance of the refractive index of the material that gives rise to
nonlinear effects, therefore at low pulse intensities the contribution from the nonlinear
refractive index becomes negligible and the pulse propagates linearly. One can calculate

the significance of the nonlinear effects during propagation using the nonlinear length
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L. This is a measure of the distance over which nonlinear effects become important

and cannot be ignored. For a Gaussian beam it is given as

Lyp = (2.52)

where c is the speed of light in vacuum and [ is the peak intensity of the pulse.

For the Ti:Sapphire laser system used in this thesis, 2.5 mJ, 43 fs, spot size w = 4 mm,
the peak intensity is Iy = 1.09x10'® Wm™2. The nonlinear refractive index of air is ap-
proximately ny = 5x 1072 m2W ! which gives a nonlinear length of the unfocused pulse
propagating through air of Ly = 2.3 m. This is a good indication that propagation of
the pulse prior to and following the focus of the HHG system is linear. Conversely at
the focus of the main beamline the spot size wp = 48 pm, resulting in a nonlinear length
of Ly, = 333 pum. The strongest nonlinear effects that arise due to the x® response
a material are SPM, self-steeping and Kerr self-focusing. The first two effects act to

broaden the pulse spectrum and will be discussed first.

The instantaneous angular frequency within a pulse is given by

d¢

wit) = == (2.53)

where ¢ is the phase of the pulse shown in equation 2.46. The phase has two components,
kz, where it is assumed the pulse is propagating in the z direction and hence r — 2z and
wpt. The spatial term kz has a temporal dependence due to equation 2.50 and can be

separated into two parts, which produces

nowoz n nowozI(t)

¢ = —wot + (2.54)

C

where z is the distance travelled by the pulse in time ¢ and I(¢) is the intensity distribu-
tion of the pulse. The temporal variation of the intensity leads to a temporal variation
of the phase. After propagating a distance z this produces a frequency shift away from

wp of dw. The instantaneous frequency is then

w(t) =wp — dw (2.55)
where dw is given by
wongz dI(t)
dw = —_— 2.56
“ c dt ( )

Figure 2.12 shows the variation of dw through the pulse. As the pulse propagates new
frequencies will be generated. SPM generates new frequencies symmetrically about the
central frequency of the pulse. The leading edge of the pulse generates red shifted
frequencies whilst blue shifted frequencies are generated at the trailing edge, resulting
in a positive chirp. The chirp increases with propagation distance as new frequencies

are generated.
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Figure 2.12: Instantaneous frequency shift of an initially unchirped pulse that has experienced
SPM. The blue line indicates the intensity distribution of the pulse, the red line
shows the frequency shift dw through the pulse.

Self-steepening, like SPM, is caused by the shape of the intensity distribution in time
I(t). In SPM the shape of the pulse leads to certain frequencies generated at the leading
and trailing edges of the pulse, brought about by the change in ¢ with time. Self-
steeping occurs due to the high intensity of the centre of the pulse with respect to the
wings. Equation 2.50 shows that the material refractive index is increased by no|E|?. At
the peak of the pulse the increase in refractive index is greater than that at the wings,
therefore the peak sees a higher refractive index and so propagates more slowly. As
the pulse propagates the peak of the pulse shifts backward with respect to the wings,
effectively steepening the trailing edge. This results in a large frequency shift away from
wp as shown by equation 2.56. As this larger shift occurs at the trailing edge of the pulse

only, the result is an asymmetric spectrum with a large blue shift.

These effects are routinely used in pulse compression where the pulse bandwidth is
increased by SPM and self-steepening before being recompressed [54]. The compression
is required to remove the positive chirp of the pulse induced by the SPM. The method

of recompressing a pulse will be discussed in the following section.

The spatial analogue to SPM is Kerr self-focusing where at high intensities the nonlinear
refractive index contribution leads to a change in the refractive index of the material
due to the spatial distribution of the beam. In the same way that a Gaussian pulse has
a high intensity at the centre with gradually lower intensity in the wings so too does a
Gaussian beam in space. As a result an intense pulse propagating through a material
will see a convex refractive index profile, with a higher refractive index on axis. The
pulse therefore undergoes self-focusing shown schematically in Figure 2.13. Self-focusing

can only overcome diffraction if the initial power Pj, of the pulse is sufficient; this is
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given by the critical power P, [55]

377N
N 871'77,077,2

o

(2.57)

T

Material with nonlinear response

et e e

Converging rays

n

Figure 2.13: Schematic of Kerr self-focusing. The refractive index profile is indicated by the
graph. The rays (red lines) propagating through the material converge due to the
convex refractive index profile induced by the intensity dependence of the nonlinear
refractive index.

2.3.2 Dispersive propagation effects

The nonlinear effects described in the previous section are time domain effects. The dis-
persive effects that affect a propagating pulse are more easily described in the frequency

domain. The Fourier transform of the pulse propagating in the direction z is defined as
~ oo
E(r,w—uwp) = / E(r,t)expi[kz — (w — wp)t]dt (2.58)
—00
Separating the variables allows this to be written as
E(r,w—wp) = F(z,y)A(z,w — wp) expi(k(w)z) (2.59)

where F(z,y) is the modal distribution, A(z,w — wp) is the slowly varying envelope and
k(w) is the frequency dependent propagation constant. The modal distribution depends
on the boundary conditions of the wave equation used to describe the propagation. In
free space a Gaussian distribution is often used, in a capillary waveguide this cannot be
used due to the capillary walls. Gaussian fields extend to infinity whilst in a perfect
waveguide the field goes to zero at the boundary. Marcatili and Schmeltzer showed
that this is a good approximation in hollow capillary waveguides [56], where the field

reduces to near zero. As a result propagation within a capillary occurs as an ensemble of
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Bessel modes. The basic theory of capillary coupling and propagation will be discussed
in Section 2.3.4.

The complex phase of the electric field in the frequency domain is known as the spectral
phase. In equation 2.59 the spectral phase takes the form of k(w)z. To understand how
the pulse changes with propagation k(w) can be expanded in a Taylor series about the

central frequency wy

(w — wp)?
2!

k(W) =k + k'~ ;“’0 e (2.60)

where k is the propagation constant in vacuum k = ?\—g The second term relates to
the group velocity at which the envelopes propagates and the third term is the group
velocity dispersion (GVD). The GVD represents the spreading out of the pulse envelope
as it propagates. This is due to the frequency dependence of the group velocity for the
individual components comprising the pulse. The GVD can be positive or negative and
leads to a chirp of the pulse, so called because the variation of frequency within the
pulse is linear with time. Normal dispersion produces a positively chirped pulse that
has red components at the leading edge of the pulse and blue components at the rear.
In nonlinear propagation the combination of SPM and normal dispersion causes the
chirp to increase more rapidly. GVD is given in units of fs?>m ™! and is well documented
for most materials. Given the frequency dependance of the phase velocity, pulses with
a larger spectral bandwidth will lengthen more rapidly due to the greater difference in
phase velocity between the extremes. For example, consider a pulse propagating through
1 cm of fused silica, GVD = 36 fs?mm ™. A 10 fs Gaussian pulse centred at 800 nm
passing through this would be stretched to ~100 fs where as a 40 fs pulse would only
increase in length to ~47 fs. The total group delay dispersion (GDD) that affects the
pulse is given by the product of the material GVD and the propagation distance. In
this case the GDD = 360 fs?.

Higher-order dispersion effects do not lengthen the pulse as dramatically as the second
order dispersion but act to change the pulse shape. Third order dispersion causes an
asymmetry in the spectral phase across the pulse which in the time domain gives rise to
a pre or post pulse depending on its sign. The majority of higher order dispersion effects
are neglected as they are small compared to the first and second orders. However, some
of the later experimental results do show pre and post pulses which are likely due to

third order dispersion effects.

An initially positively chirped pulse, such as that produced by SPM, can be recompressed
by applying an equal amount of negative chirp. A pulse with a flat spectral phase, i.e.
one that has no second order or above dispersion applied to it, is said to be transform

limited. The length of a transform limited pulse is defined by its spectral bandwidth.
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For a Gaussian pulse this relation is

_ 2In2 _0.441
T aAv T Av

At (2.61)

where A7 is the full width at half maximum (FWHM) intensity of the pulse in time
and Av is the FWHM of the spectral intensity of the pulse. The two are inversely
proportional so one requires a large bandwidth to produce a short pulse. The aim
of a pulse compression scheme is to produce a pulse with a large bandwidth as close
to its transform limit as possible. This is not simple as very few materials exist that
have anomalous dispersion, capable of applying negative GVD. The three most common
methods are grating compressors [57], prism compressors [58] and chirped mirrors [59].
The first two are used within lasers themselves and can apply thousands of fs? of negative
GDD by spatially separating the frequency components and propagating them different
distances to remove the second order dispersion. Post compression systems that are used
to further compress a commercially purchased laser do not require such large amounts
of GDD and so use chirped mirrors. These mirrors consist of a graded Bragg grating,
alternating layers of two different refractive indices. The graded thickness of the layers
allows different wavelengths to propagate different thicknesses within the mirror surface.
Longer wavelengths propagate more deeply and so upon reflection have travelled a longer

path length than the shorter wavelength components, applying negative dispersion.

The previous two sections have described the effects on a pulse propagating through a
general material. In the case of HHG this material is a gas, in Section 2.2 the ionisation
of the gas was mentioned with respect to the phase mismatch a free electron plasma
induced between the fundamental and the harmonics. The ionisation of the gas and the
resulting plasma affect the propagating pulse in other ways, which will be discussed in

the following section.

2.3.3 Ionisation-induced propagation effects

Tonisation of a gas by a high intensity laser can be achieved by two methods; multiphoton
ionisation (MPI), where two or more photons are simultaneously absorbed by the atom
to free an electron, and tunnelling ionisation, where the Coulomb potential of the atom is
distorted by the electric field so that quantum mechanical tunnelling through the barrier
is possible. The ionisation process can be described by two models; Keldysh theory [60]
and ADK theory [61]. Doubt has been cast over the accuracy of the ADK model in a
comprehensive review of Keldysh theory by Popov in 2004 [62]. To know whether MPI
or tunnelling ionisation is the dominant effect in the following experiments, one can use

the Keldysh parameter v which is the ratio of the optical frequency to the tunnelling

. (;{;p)é 262

frequency [62]
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where [, is the ionisation potential of the atom in question and U, is the ponderomotive
potential given in equation 2.5. Tunnelling ionisation is the dominant effect when v < 1
whereas MPI is the dominant effect when « > 1. All of the experiments carried out in
this thesis have a Keldysh parameter of v < 1 and so tunnelling ionisation is used to

model the ionisation.

The ionisation rate is given by [62]

3 * * 2

2 2 92n 1.5—-2n

W =W =27 F - 2.
(r,t) oK \/70,{1 (r,t) exp( 3F(r,t)> (2.63)

where 2 is the ratio of the ionisation potential I, to the ionisation potential for hydrogen
Ig =13.6eV, Wy = mee* /B3, F(r,t) = E(r,t)/(k*E,) is the reduced electric field where
E, is the atomic unit of field intensity and E(r,t) is the real electric field. Cj; is an
asymptotic coefficient that for singly ionised argon is given as 0.95, whilst n* is the
principal quantum number, which in the same case is given as 0.929. These are given to
an accuracy of 3-10 %. This ionisation rate is included in the MM-NLSE propagation
model shown in Section 2.4 to describe pump pulse propagation within a short hollow

core capillary.

The effect of ionisation on the refractive index of the gas, shown in equation 2.29, is a
reduction in the refractive index proportional to the number density of the electrons.
The greater the ionisation the greater the reduction in refractive index. This leads to
an intensity dependent refractive index profile following the spatial distribution of the
beam. For a beam with a Gaussian spatial distribution the refractive index at the centre
of the beam is smallest, increasing gradually with radius. The refractive index profile
a pulse would see in this case is similar to a concave lens, leading to a divergence of
the beam, Figure 2.14. This is complicated by the fact that the beam generates this

refractive index profile as it propagates, leading to two significant effects.

X —

Diverging rays

n

Figure 2.14: Schematic of plasma defocusing. The refractive index profile is indicated by graph.
The rays (red lines) propagating through the partially ionised gas diverge due to
the concave refractive index profile induced by the free electron plasma.
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The ionisation is caused by the leading edge of the pulse, generating the new refractive
index profile. The trailing edge of the pulse is then defocused as it passes through the
new plasma induced refractive index. In Section 2.3.1 the nonlinear process of SPM was
discussed. It was shown in equation 2.56 that blue shifted frequency components are
generated by SPM at the trailing edge of the pulse. The divergence of the trailing edge
of the pulse results in these blue shifted components being defocused, leaving the on
axis pulse with a steeper trailing edge that acts in combination with the nonlinear self-
steepening effect. A second effect is the change in refractive index with time. Ionisation
is a nonlinear effect and thus increases rapidly with intensity. This leads to a rapid
increase in the ionisation and consequently a rapid decrease in the refractive index with
respect to time. It was shown in equation 2.53 that the frequency is the time derivative of
the phase. The rapid change in refractive index with time leads to a rapid change in the
phase with time, generating large changes in the instantaneous frequency, broadening
the spectrum. The free electron contribution to spectral broadening is greater than the

nonlinear contribution in the presence of high ionisation.

2.3.4 Propagation in a capillary waveguide

The majority of the work discussed in this thesis focuses on pump pulse propagation and
HHG in a capillary waveguide. As a result an understanding of how a pulse propagates
within a capillary is necessary. The spatial distribution of the output of a laser can be
most simply described by the basis set of Hermite Gaussian modes, where the M? of the
beam is a measure of how close to the fundamental transverse mode T E Mgy the beam
profile is. Gaussian modes have no spatial boundary condition and so in theory stretch

to infinity, although the energy decays exponentially off-axis.

In a capillary, the Gaussian spatial distribution cannot exist due to the boundary con-
ditions enforced by the capillary wall. The electric field reduces to near zero beyond the
capillary wall. The eigenmodes that satisfy this condition are known as Bessel modes
and were first reported by Marcatili and Schmeltzer [56]. As such the Gaussian laser
distribution must be coupled into this new set of Bessel modes. To know how this can
be achieved one must first look at which modes exist within the capillary. The laser is
linearly polarised therefore the pulse will excite only linearly polarised modes within the

capillary, these are the hybrid FH,,, modes given by

Eynm = Jn-1 <unm£> cos([n — 110 + ¢) (2.64)
Bam = Jnt <unm£) sin([n — 1]0 + &) (2.65)

where F, and E, are the electric field components in the x and y directions, J, is the
pt" order Bessel function of the first kind, tuyy, is the mth root J,_1(tnm) = 0, ¢ is an

arbitrary constant and a is the capillary radius. These modes are linearly polarised for
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the case n = 1. The laser is linearly polarised in only one direction and so the FHy,,

modes that propagate within the capillary and are given as

Ey,lm =Jo (Ulmg) (266)
Epim =0 (2.67)

The intensity distribution of the first two modes, FH11 and E H1s are shown in Figure
2.15. The complex propagation constant for the F H,,,, modes vy, is given by

Figure 2.15: Intensity (top) and field (bottom) distributions for the first two FH;,, modes

Ynm = Bnm + i0nm (2.68)

where B, and o, are the propagation and attenuation constants respectively and are

given as [56]

2
B = ko [1 - <“;:a*> ] (2.69)
am\2 A2 l(1/2 +1)

where kg is the propagation constant in a free space vacuum and v is the refractive

index of the dielectric comprising the capillary waveguide. The attenuation coefficient

2

~m, this results in more lossy higher order modes. The lowest order

Qpm scales with

mode F Hi; is therefore the least lossy and the most suitable mode to couple into. The
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beam in free space is approximated by a perfect Gaussian mode (T'EMyp) whilst the
propagation within the capillary requires Bessel modes. The power coupling efficiency
of converting the T'E My mode to each of the F Hy,, modes, 7,,, can be calculated using

the overlap integral [63]

C [gexp(=r2/w?) Ty (i) rdr]”
o fooo exp(—2r2/w?)rdr foa Jg (ulmﬁ) rdr

Nm (2.71)
where r is the radius and w is the Gaussian beam spot size. The power coupling efficiency
for the first five £ Hj,, modes plotted as a function of spot size to capillary radius is
shown in Figure 2.16. The optimum coupling efficiency to the FH1; modes occurs for a
ratio of w/a = 0.64 shown by the vertical dotted line. In this case 98.1% of the power
is transferred into the FHq1, 0.5% to the EHy2 and the remainder to the higher order

modes.

.
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Figure 2.16: Coupling efficiency, n,,, from a TEMyy Gaussian beam in to the first five EHy,,
Bessel modes of the capillary. 7 is given as a function of the ratio between the
Gaussian beam width w and the capillary radius a. Optimum coupling exists for a
ration of w/a = 0.64.

2.4 Nonlinear propagation model

The previous section described the various processes that occur during the propagation
of an intense (> 10'3 Wem™2) pulse through gaseous media. These include dispersive,
nonlinear and ionisation effects. The ultimate goal of this work, to produce an efficient

high yield XUV source, requires not only the ability to understand the relevant processes,
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but also to predict them and make changes to the system as required. In short, an

accurate model of the pump pulse propagation is needed.

Modal propagation within a hollow capillary waveguide is similar to that of a fibre,
both have an inner core with a given refractive index surrounded by a cladding layer
of a different refractive index. Dr Peter Horak, a theorist within the Optoelectronics
Research Centre, University of Southampton has developed a model to describe the
propagation of ultrashort pulses in fibres [64]. Building on this work in conjunction with
the Ultrafast X-ray Group he has adapted that model to include ionisation effects and
thus make it capable of modelling the high intensity propagation observed in capillary
based HHG. The following three experimental chapters use this model to predict the
pump pulse propagation in an effort to improve the HHG process. In Chapters 3 and
4 the model was tested against experimental results to both gain an understanding of
its limitations and improve its accuracy. Following this the model was used to help
design a new capillary, shown in Chapter 5, that boasts improved XUV flux over the
original design. All theoretical modelling of the pump pulse propagation used in this
thesis was carried out by Dr Horak and his student Patrick Anderson. The experimental
data measuring, analysis and comparison to the theory, as well as the development of

the capillary design were conducted by myself.

The following section will describe briefly the nonlinear propagation model and how it

relates to the processes previously discussed in this chapter.

Pulse propagation within single-mode fibres is routinely modelled using a generalised
nonlinear Schrodinger equation (NLSE) to describe the evolution of the pulse’s electric
field amplitude envelope as it propagates [53,65]. At high powers large diameter core
fibres are required leading to multimode propagation. The basic NLSE framework was
extended to allow for arbitrary mode numbers, polarisations, tight mode confinements
and ultrashort pulses [64]. It is this adapted model that is further extended and used
to model propagation within the capillary [66].

The model starts with an optical pulse similar to that shown in equation 2.46
E(r,t) = E(r,t) expli(Bor — wot)] (2.72)

where E(r,t) is the slowly varying complex electric field amplitude and exp[i(Bor —
wot)] describes the carrier wave. In this case the free space propagation constant kg is
replaced by By, the propagation constant in the fundamental fibre mode. The electric
field amplitude can then be expanded into a superposition of the individual spatial

modes, p =0,1,2..., within the capillary and a modal envelope A,(z,t)

r,t) = Fy(z,y) Ap(z
E(r,t) g[ [y, 2727 (2.73)
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where F,(z,y) is the discrete transverse fibre mode profile for mode p, in this case
EH;,. Using this formalism the multimode generalised nonlinear Schrodinger equation
(MM-NLSE) is given by [66]

04,

2 =D{Ap} + N{A} + Npu{Ap} + Lion{Ap} (2.74)

where the individual terms describe the dispersion, nonlinearity, plasma nonlinearity and
ionisation losses respectively. The dispersive term D{A,} includes the Taylor expansion
of the propagation constant from equation 2.60. This include the effects of first, second,

third order dispersion etc, and is given by

0A
D{4,} = (8" — R(55" )4, — (B — R(BV)
1(1p) O\" (275)
“2 nl (at> Ay

where p denotes the mode number and ﬁflp ) = 8"5(1”)/ Ow™. The first and second terms
are contributions from the first and second terms in the spectral phase from equation
2.60, the third term accounts for all greater terms, including second order dispersion

responsible for positive chirping of the pulse.

The nonlinear term N{A4,} includes both SPM and self-steepening effects and is given
by

.Now *
N{A} =i 2 o( - at> Z plmnAlAmAn (2.76)

7m7

where no is the nonlinear refractive index given by equation 2.51 and ngn is the
mode overlap integral. The first and second terms describe SPM and self-steepening
respectively. Raman effects can be included within the model but have been neglected
due to the monatomic nature of the medium. The model also accounts for Kerr self-
focusing, briefly mentioned in Section 2.3.1. This is the spatial analogy to SPM and
produces the opposite effect to plasma defocusing. The refractive index is greater for
high intensities, equation 2.50, and so the spatial centre of the beam sees a greater

refractive index than the wings, such an effect leads to self-focusing of the beam.

The ionisation effects discussed in Section 2.3.3 lead to the addition of two terms to
the standard NLSE propagation model. The ionisation rate is calculated using equation
2.63 from which the fraction of neutral N(r,t¢) atoms and thus the free electron den-
sity (Ne(r,t)) can be calculated. Npy{Ap} describes the self-steepening induced by the

nonlinear coupling of the trailing edge of the beam to higher order modes. It is given by

- E(r,t) wy(r,t)?
Npl{AP} = (1 - 0815) kO/d dy fdxdy“?p‘ (]1/? Pli}gt) (2-77)
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The nonlinear coupling to higher order modes leads to an increase in loss as discussed in
the previous section. In addition to this, one must account for loss due to the ionisation
process itself [67]. This ionisation induced loss is the final term in equation 2.74 and is

written as

F,(z,y)* - E(r,t) PN(r,t)W(r,t)I,
[[ dzdy|Fp[2]1/2 |E(r,t)|?

1
LonfAr} =~ / dady (2.78)
where P is the pressure in atm, W (r,t) is the ionisation rate and I, is the ionisation
potential of the gas. Thus equation 2.74 describes the evolution of a pump pulse within
a capillary in the presence of ionisation by quantum tunneling. Propagation of the field
within the model is accomplished using the symmetrised split step Fourier method [53]

with an extension to include the nonlinear plasma and ionisation loss terms.

Using the data from the model it is possible to generate the spatial distribution of the
pulse in both the temporal and spectral domains at any point within the capillary. An
example of this is shown in Figure 2.17. Knowledge of the pulse at all points within the
capillary will enable the QM high harmonic generation process to be calculated at every
point within the capillary and the subsequently generated XUV beam to be predicted.

This work is underway but has not been included in this thesis as it is in its early stages.
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Figure 2.17: Example of the spatio-temporal (left) and spatio-spectral (right) data that can be
modelled using equation 2.74. Here a 0.805 mJ, 53 fs, 800 nm, pump pulse is
propagated down a 7 cm capillary held at 150 mbar of argon, see Chapter 4. The
pulse is shown at the beginning (a,b), middle (c,d) and end (e,f) of the capillary.
The intensity colour-map is plotted on a normalised linear scale.






Chapter 3

Capillary manufacture and pump

pulse analysis

The first part of this chapter describes the methods used to fabricate the capillaries
that have been used in this thesis. These include cleaving the capillary to the correct
length, ensuring the end faces are flat and polished, and creation of the gas inlets by
laser drilling through the capillary wall. Examples of cleaving and the final results for
all are shown. This is followed by the approach used to effectively couple into capillaries
at low power to avoid damage and maintain the capillary. Once aligned the laser power
is increased and images of the capillary and its ring structured output, for 805 mW
input power and 150 mbar gas pressure, are shown and the nonlinear and plasma effects
discussed. The modal ring structure of the output beam leads on to the second section
of the chapter where analysis of the propagation is studied. Three experiments were
carried out to begin testing of the model described in Section 2.4, which was developed
by Dr Peter Horak in conjunction with the Ultrafast X-ray Group. The experiments
shown here fall under two categories, direct measurement of the spatio-spectral output
of the pump laser and indirect measurement by imaging of the argon ion fluorescence

within the capillary.

3.1 Capillary fabrication and laser coupling

This section will describe the fabrication of the 7 cm capillary focusing on the cleaved,
polished ends and the gas inlets. The approach used to efficiently couple the pump
pulse into the capillary will be discussed as will the initial observations of the pump
pulse propagation. The capillaries used for all of the experiments within this report
are of the same general design. They were purchased as 30 cm long cleaved, unpolished
capillaries which required cleaving to the correct length, polishing, drilling and mounting

such that the target gas could flow in through holes drilled into the walls, and out at
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both ends. The outer diameter is 1.6 mm whilst the inner diameter is 150 pm. The
original capillary design, shown in Figure 3.1, was 7 cm long with holes drilled 2 and 5
cm from the front of the capillary. Chapter 5 looks at a new capillary design based on
the observations made of its predecessor, the methods for producing the new capillary

were the same as those presented here.
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Figure 3.1: Schematic of 7 cm capillary. The capillary is 1.6 mm in diameter with an inner bore
diameter of 150 pm. Gas inlets passing through the capillary wall are positioned at
2 and 5 cm along the capillary length.

3.1.1 Cleaving and polishing

The 30 cm capillaries had to be cleaved to produce a capillary of the desired length, in
this case 7 cm. To do this a score was cut into the capillary using a ceramic fibre cleaver
to set the position of the cleave. A small amount of de-ionised water was placed over the
score mark which can propagate through the wall and cause the capillary to break more
easily. The capillary was cleaved by holding the capillary on both sides of the score line,
which was faced away from the holder, and pulled along the length of the capillary whilst
gently bending it so that the score line was on the apex of the bend. Very little pressure
was required, too much would cause the capillary to cleave unevenly and leave behind
a large protrusion on one side of the cleave, known as a hackle. The capillary cleaved
without much force or bend radius, and it was noted that these cases produced much
better cleaves. Figure 3.2 shows two examples, the left is a cleanly cleaved capillary
end while the right shows a poor cleave. In both cases the left hand side was at the
apex of the bend used to cleave the capillary. The hackle in the capillary end is almost
always present even for well cleaved capillaries. The right cleave is less desirable due to
the crack facing the hackle at the core. This crack propagates a few mm in and thus
is difficult to remove by polishing, if it is left in place it can make initial coupling more
difficult by changing the scattering pattern on the front of the capillary which is used
for alignment. In addition to that it can act as a scattering centre similar to the gas

inlets shown later and thus reduce the total coupling efficiency.

Once a capillary of the correct length with two good cleaves was produced it was polished.
The polishing pads used were standard fibre polishing pads and come in a variety of
particle roughness. For this work 12, 9, 3, 1 and 0.3 um pads were used. A custom

mount was made to hold the capillary vertically upright whilst allowing its weight to
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Figure 3.2: Microscope images of two cleaves made in a capillary. The left image is an example
of a good cleave, where stress was minimised. The right image is an example of a
poor cleave where a stress fracture has formed at the inner bore.

Figure 3.3: Microscope images of the final capillary end faces. Both have been polished to a to
a surface roughness of < 300 nm.

push it into the polishing pad. The pads were wetted with de-ionised water and polishing
fluid for the 0.3 pm graded pad. A figure of eight pattern was used to polish the capillary
ends as this scours the surface in all directions, preventing the build up of ridges. The
roughest (12 pm) polishing pad was used first and after 20 figure eights the capillary
end was checked under a microscope. The 12 pm features scatter light well, so under
a light the entire surface of the capillary end appears dull. This first stage can take
some time depending on the quality of the cleave and how flat the end is. Once past the
largest size 20 iterations of the figure eight was sufficient to remove the large features
from the previous pad. At the smallest size the finished capillary end appeared flat and
reflected light well, as any features were 300 nm or smaller. Figure 3.3 shows the final
two ends used in the 7 cm capillary. The image is taken using a standard 20x microscope
objective with lighting from below. The ends are flat with a roughness of less than 300

nm, any small features seen were removed in an acetone bath.

The acetone bath was necessary to remove grit and fused silica from within the capillary

forced inside during the polishing process. This took several attempts and also required
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blowing air through to help remove larger pieces.

Once the capillary was cleaved and polished the gas inlets were produced.

3.1.2 Gas inlets and mounting

Inlet holes always scatter the pump beam to a certain extent as they are much larger than
the wavelength of the pump pulse and therefore in the vicinity of the hole change the
waveguide. The size of the holes and the surrounding damage to the waveguide structure
determines the amount of scatter. In this work the majority of loss within the capillary
at zero pressure is attributed to scatter from these holes. The scatter can be seen due
to SPM within the fused silica at the scattering centres broadening the spectrum. The
diameter of the capillary bore (150 ym) means that mechanical production of the inlet
holes was difficult. The smallest drill bits available were 300 pm and drilling into such
a small circular glass structure was difficult. In addition, a 300 um diameter drill bit
would produce a large hole in the 150 pm waveguide. As a result laser drilling was used

to create the gas inlets.

A suitable mount was designed and built to hold the capillary vertically in the main
beamline at the focus of the lens. The spot size at the focus was approximately 50 pm
with a Rayleigh range of 9.8 mm, well in excess of the total capillary diameter. The
mount comprised two translation stages to allow movement of the capillary perpendicular
to the laser beam axis. Initial placement of the capillary was carried out at low power, 10
- 20 mW, so that the beam could be seen but not damage the capillary. The cylindrical
nature of the capillary meant that the transmission through the capillary produced a
distinctive pattern, symmetrical about the capillary axis. Alignment to the core was
carried out by adjusting the capillary position within the beam to produce a perfectly
symmetric transmission pattern. When the laser power was increased the overall shape
of the pattern was maintained, with a dark central region appearing where the laser
ablated the fused silica leaving highly scattering remains. The capillary was moved
within the beam to increase the size of this dark region and use of the translation stage

micrometers gave an indication of the width of the hole being drilled.
It is important to note two things here.
e The hole size at the surface was much larger than that at the core, for example a
200 pm hole width on the surface translated to 40-70 um at the core.
e The transmission pattern did not provide an indication of how far through the

drilling had gone. This was gauged by trial and error on practice runs beforehand.

Using the laser with a pulse energy of 1 mJ, 60 seconds at a single height was sufficient

to drill through to the core. This was achieved by moving the capillary laterally, leaving
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it in a single place for long periods of time did not work as the ablated material was
not removed from within the capillary wall and blocked further penetration. Lateral

movement of the capillary allows the laser to dislodge this and penetrate further.

Figure 3.4: Microscope images of gas inlet holes laser drilled through the capillary wall. The
top images show the outer surface of the first (left) and second (right) gas inlets.
The focus is translated through to the core for the middle image. The hole passing
through to the open core can be seen in the centre of each image. The bottom image
shows a side view of each gas inlet. The holes at the core are on the order of 50 ym
wide.

The holes at the core were on the order of 150-200 um in length and 50 um wide and
can be seen in Figure 3.4. The top images show the first (a) and second (b) gas inlets at
the surface of the capillary, the inner bore can be seen in soft focus travelling through
the dark holes. Images (c) and (d) are focused 800 pm into the capillary; the core can
be seen in sharper focus and the holes are visible as the lighter areas within the central
dark region. Side images of the two inlets are shown in (e) and (f). In both cases the
laser has drilled through the far side of the core and into the opposite wall. This is
caused by the long Rayleigh length of the beam (9.8 mm). To avoid this in future work
a lens with a Rayleigh length of less than 150 pym could be used, however this would

make drilling to the core more difficult. Further work on this is required.



48 Chapter 3 Capillary manufacture and pump pulse analysis

After drilling and checking the gas inlets the capillary was cleaned in an ultrasonic
bath using both de-ionised water and acetone to remove internal debris. Air was blown
through the capillary to ensure that none of the four holes were blocked in any way. The

capillary was mounted within a glass T-piece shown in Figure 3.5.

Figure 3.5: Photograph of the 7 cm capillary within the t-piece. The UV curing adhesive used
to fix the capillary in place is shown as are the two gas inlets within the capillary
itself.

UV curing adhesive was used to fix the capillary in place within the T-piece as it cures
rapidly under UV light and does not put extra stress on the capillary itself. The T-piece
was then mounted to the vacuum system via two o-ring vacuum feedthroughs mounted
on x-y translation stages. A gas inlet tube was attached to the top of the T-piece through

which the gas was introduced into the capillary. The full set up is shown in Figure 3.6.

Figure 3.6: Photograph of the 7 cm capillary and T-piece mounted in the vacuum system. The
two x-y translation stages are visible on the left and right of the image.

The translation stages allow two axis movement of both ends of the capillary perpen-
dicular to the beam axis whilst the lens is mounted on a translation stage so that the
on-axis position of the focus can be placed at the front face of the capillary. Gas is

pumped out from both ends of the capillary and in through both inlet holes so that
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a flat pressure profile is produced between, with a rapid drop at the holes and linear
reduction in pressure to either end. The pressure profile was modelled previously by
a different student using ANSYS, a computational fluid dynamics program. The po-
sitioning of the holes and the subsequent pressure profile has a dramatic effect on the

propagation of the pump pulse as will be discussed and shown in Chapter 5.

3.1.3 Coupling into the capillary

In Section 2.3.4 it was shown that optimum coupling is achieved when the spot size
wg = 0.64r. where r. = 75 pum is the radius of the capillary bore. The spot size for
optimum coupling is 48 um. The spot size at the lens and the M? of the beam were
measured to ensure maximum coupling efficiency. A telescope within the Spitfire Pro
amplifier was used to adjust the spot size at the focusing lens to produce a 48 pm focal
spot. Initial coupling was carried out at 10 mW to prevent damage to the front face of
the capillary. If the initial intensity is greater than the damage threshold of the fused
silica the laser will drill into the capillary end, damaging the face and making coupling

more difficult in future. An example of this is shown in Figure 3.7.

Figure 3.7: Microscope image of a damaged capillary front end. Misalignment of the pump pulse
during coupling led to severe ablation of the front face of the capillary. The build
up of this damage over time reduced the coupling efficiency and usefulness of the
capillary. It was replaced by the 7 cm capillary described in this chapter.

The laser spot was visible on the front face of the capillary and was moved to the core
using the front x-y translation stage. When the laser was overlapped with the inner
bore a thin red line was seen propagating along the capillary in addition to scattering at
the gas inlets. The line was visible due to small scatter from the walls of the capillary.
The rear of the capillary was then adjusted until an output mode was observed on IR
card. The fully aligned output mode comprises a central spot surrounded by a ring. At
low powers the coupling efficiency through the 7 cm capillary was 91% of the theoretical
maximum of 72%. This takes into account reflections from lens, input, output window

surfaces and loss in the capillary.

The output mode shape does not change as the laser power is increased. All of the

experimental results using capillary based HHG discussed in this report use argon as
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the target medium. The nonlinearity of argon is large compared to neon and helium
which becomes important shortly. Final alignment is carried out at a gas pressure of 150
mbar. At this pressure significant spectral broadening was observed as the pump pulse

propagated along the capillary, see Figure 3.8. This is a result of SPM and plasma based

Figure 3.8: Side view of the capillary during experiment. The input power is 805 mW and
the gas pressure set to 150 mbar. The pulse enters the capillary from the left, as
it propagates along the capillary nonlinear effects broaden the spectrum so that it
extends over most of the visible spectrum. Losses from the high order modes within
the capillary allow this to be viewed.

broadening within the argon as was discussed in the previous chapter. The emission from
the front end of the capillary was dominated by argon ion fluorescence, emitting a blue
glow. As the pump pulse propagates down the capillary the spectrum broadens consid-
erably and extensive blue shifting occurs producing green emission near the capillary
exit. The emission was observed due to nonlinear mode mixing caused by the plasma
generated by the pump pulse. As the front edge of the pulse passes through a region it
ionises the gas, the resulting plasma has a lower refractive index than the surrounding
neutral gas and so an effective defocusing lens is produced. The trailing end of the pulse
sees this refractive index profile and is thus coupled out into higher order, more lossy
modes. The laser power used here was 805 mW with a pulse length of 44 fs. The output

mode structure in this case had a distinct ring structure as shown in Figure 3.9.

The ring structure is generated by the nonlinear mode mixing to higher order modes
within the capillary. At the exit of the capillary these modes propagate out into free
space and are observed here in the far field. A piece of white card was placed in the beam
path and the photograph was taken through a high pass filter to prevent saturation by
the NIR component of the beam. It was realised that the distinct and repeatable ring
pattern would provide an excellent analytical tool to test the accuracy of the MM-NLSE
propagation model being developed.

The following section of this chapter focuses on analysis of the pump pulse propagation
as a means of testing the MM-NLSE propagation model. The summed output spectrum
and spatio-spectral output of the beam are measured and compared to the theoretical

output predicted by the model. In addition, the argon ion fluorescence is measured and
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Figure 3.9: Photograph of the capillary output incident on white card. The image was taken
through an IR filter to avoid saturating the camera. The ringed structure of the
output is clear and extends below 480 nm. The spectral variation of the rings is
due to nonlinear mode mixing coupling different parts of the pump pulse into higher
order modes. The central two rings contain the majority of the total energy.

compared to the theoretical integrated ionisation of the capillary as a measure of the

model’s accuracy throughout the length of the capillary.

3.2 Measurement techniques for propagation

analysis

The fully three dimensional MM-NLSE propagation model described in Section 2.4 was
developed by Dr Peter Horak to better understand how the pump pulse propagates
through the capillary. The ultimate aim of this work is to create an efficient and effective
HHG source and so knowledge of the evolution of the pump pulse and its interaction with
the target gas before, during and after the HHG process is important. The following

work describes three methods of experimentally testing the accuracy of the model;

e A summed spectral measurement of the output pulse, which will give an overall

look at the spectrum for different pump powers.

e A new spatio-spectral measurement, which is a measure of the spectrum taken
across the beam using a fibre coupled spectrometer, providing a complex picture

of the output and allowing scrutiny into separate modal contributions.

e Finally, a side image of the argon ion fluorescence at 488 nm is taken and compared
to the integrated ionisation profile predicted by the model, to provide insight into
the intensity of the pulse along the entire length of the capillary.
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The work described here was published in Optics Express [68] in 2010. The majority of
the paper was written by myself as was a significant portion of the experimental work

carried out, most notably the spatio-spectral measurement.

3.2.1 Experimental set-up

The laser used for these experiments has been described in Section 1.2.1. The power of
the system can be varied by adjusting the pump laser to the amplifier to provide pulse
energies from 10 pJ to 2.5 mJ. In the following experiments the pulse energies are kept
between 500 and 840 pJ. The basic experimental set up is shown in Figure 3.11. The laser
is coupled into the 7 cm capillary, 150 pm internal bore diameter with gas inlets placed
at 2 and 5 cm from the front face. When no gas is present the vacuum system maintains
a constant background pressure of 1072 mbar. Argon can be introduced through the
gas inlets and is pumped out from both capillary ends. The gas pressure is regulated
by a Tescom ER3000 pressure controller from the background level up to 250 mbar in
1 mbar steps. The gas pressure profile within the capillary is shown in Figure 3.10 and
was calculated by a previous student using ANSYS.
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Figure 3.10: Pressure profile within 7 cm capillary for a maximum pressure of 100 mbar. The
pressure is constant between the gas inlets, decreasing linearly to the background
level from each inlet to the exit. The profile was calculated using ANSYS. The
discontinuities within the plot arise from the step size used (1mm).

Figure 3.11 shows the basic layout used for the following experiments. The capillary
output is a combination of the pump laser pulse and the generated XUV. The pump
laser pulse was reflected out of the vacuum chamber into a fibre-coupled Ocean Optics
HR2000 CG-UV-NIR spectrometer mounted on a translation stage. A ground glass
diffuser was placed before the fibre input to measure the spectral output of the entire
beam. Spatio-spectral measurements were taken by removing the diffuser and placing
the 125 pm diameter fibre end at the centre of the output beam and translating it radially
outwards across 24 mm of the beam profile. The argon ion fluorescence was imaged using
the setup shown in Figure 3.11, consisting of a 35 mm camera lens imaging the capillary

from the side onto a Princeton Instruments Pixis: 1024 CCD. A 650 nm high pass and a
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Figure 8.11: Schematic of experimental setup for measuring the output pump pulse spectrum
and argon ion fluorescence along the capillary length.

488 nm bandpass filter were used to single out the 488 nm emission line of singly ionised

argon in its first excited state.

3.2.2 Summed output spectrum

The total or summed output spectra are compared to the theoretical output to gain an
understanding of the processes involved in pump pulse propagation in capillaries. Figure
3.12 shows the theoretical (left) and experimental (right) spectra for three different

powers. The gas pressure used was 100 mbar.

The agreement between the three sets of data is excellent, implying at first glance
that the model is using the correct physical processes. Blue shifting of the spectrum
is observed in both as the power is increased, due to a combination of SPM and self-
steepening. At higher powers these effects lead to the more complex spectral structure
that is observed. These are described in Section 2.3.1 and in more detail in ”Nonlinear
Fiber Optics” by G.P Agrawal [53]. The model provides more information than the
simple spectrum. The theoretical spectra shown here are the total spectrum (solid line)
and the contributions from the two lowest order modes, EH;; (red) and EH;s (blue). In
the lowest power (500 mW) situation the spectrum is dominated by the EHy; mode, and
the spectrum is simple. As the power is increased to 600 mW the spectrum becomes
slightly more complicated, developing a shoulder as well as having a larger contribution
from the EHis mode. At 805 mW the spectral broadening is quite extreme, stretching
over 100 nm with side peaks on either side of the main peak. The surrounding peaks are
a result of the symmetrical broadening of SPM. The greater blue shift is the combination
of nonlinear and plasma self steepening of the pulse and subsequent broadening from
SPM.
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Figure 8.12: Theoretical (left) and experimental (right) output spectra measured at the output
for three input powers, shown. The predicted data shows the total spectrum (black),
as well as those for the EHy; (red) and EHqs (blue) modes.

These spectra have been seen before; the interesting point here is the contribution from
the modes. At higher power where more extreme blue shifting is observed the contribu-
tion from the EHio increases, more precisely, the blue shifted shoulder in the spectrum
is dominated by the higher order mode. This can be explained physically when one
considers the target gas. As the pump pulse propagates not only does SPM broaden the
pulse spectrally, it is also chirps the pulse in addition to the standard GVD. This results
in the leading edge of the pulse being red shifted and the trailing edge blue shifted. In
addition to this, the leading edge of the pulse ionises the target gas producing a plasma
and thus a different refractive index profile, as mentioned in the previous section. As the
blue shifted trailing edge of the pulse encounters this new RI profile, it is defocused and
coupled into higher order modes. All of this leads to the higher order modes containing

a greater portion of the blue shifted spectrum.

To be certain that the blue shifting in the higher order modes is a real effect one must
look at the spectrum not simply as a whole, but as contributions from different modes.

The next section deals with this problem.
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3.2.3 Spatio-spectral output

The pump pulse propagates within the capillary as a set of Bessel modes. The model
assumes circularly symmetric modes EHq1, EH1o, ..., EHj99. When the pulse reaches
the end of the capillary each of these modes propagates out. In the far field the main
peak of each of these modes is spatially separated, as shown in Figure 3.13. This is a plot
of the first five FH1,, modes propagated into the far field from the capillary exit. They
are shown scaled linearly to the normalised EHi; mode. The EH;; mode has a main
peak on-axis, with the main peak of each subsequent mode positioned at increasingly
greater radii. This means that in the far field it should be possible to see experimental

proof of the contribution from the blue shifted higher order modes.

0 5 10 15 20 25
Radial distance /mm

Figure 8.13: The first five EH1 ., modes propagated from the capillary exit to the spectrometer.
All five modes have been normalised to the FH1; mode (blue line) and the scale
limited. The main peak of each successive mode occurs at a greater radial distance
from the centre, spatially separating their contribution.

The modal contribution was examined by taking a spatially resolved spectrum for a
pump power of 805 mW with a gas pressure of 100 mbar. The spatio-spectral map
was built up by measuring the spectrum every 500 pm from on-axis to a radius of 24
mm at a distance of 80 cm from the capillary exit. The spectral intensity is greatest
in the first 10 mm so to produce a map out to 24 mm neutral density filters were put
in place and removed at greater radial distances. The data was scaled accordingly and
combined in Matlab to produce Figure 3.14a. This is a log plot of the spatio-spectral
output of the capillary from on axis to 24 mm. The x-axis shows the radial distance
while the y-axis shows the wavelength. Figure 3.14b is a sum over the experimentally
measured spectrum and shows the summed intensity of all modes over the same radial
distance. As a comparison a sum of the first five modes theoretically propagated to the

spectrometer are shown in Figure 3.14c. The five main peaks from each mode can be
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Figure 3.14: Spatio-spectral plot (a) of the output pump pulse. The spectrum (y-axis) at each
radial position (x-axis) is shown from on axis to a radius of 24 mm. The spectrally
summed intensity (b) is compared to the sum of the first five EH;,, modes the-
oretically propagated from the capillary exit to the spectrometer (c¢). The main
peak of each successive mode occurs at a greater radial distance from the centre,
spatially separating their contribution. All plots are shown on a log scale

seen in both (b) and (c¢) and are well aligned with each other spatially. In (a) a clear
trend of increased blue shifting at greater radial distances can be seen, as was predicted

in the previous section.

To simplify the comparison the theoretical output was limited to a radius of 10 mm
and is shown with the corresponding experimental data in Figure 3.15. The calculated
(a) and measured (b) spectral intensity distributions are shown on a linear scale as a
function of radial distance from the beam axis. The theoretical intensity profiles of the

EH;; and EH;5 modes are shown for comparison.

It is clear from both theoretical and experimental distributions that the differences
in the intensity distributions of the modes are large. The EH;; mode has significant
contributions at around 790 and 810 nm, and the blue-shifted components at about 740
nm show the same radial profile as the EH12 mode, with an on-axis peak, and another ~8
mm from the axis. This trend is clear in the theoretically modelled intensity distribution.
In the measured distributions, the general features of the pattern are repeated. The EH1
mode appears at 780 and 810 nm, and the blue-shifted peak at 760nm has the radially
narrower distribution of the EH152 mode. However, several differences are clear. The first

is that more extensive off-axis blue shifting is seen in the experimental data, implying
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Figure 8.15: Theoretical (left) and experimental (right) spectral intensity plots (linear plot) in
the lambda-r-plane. Wavelength is plotted on the y-axis whilst radial position is
plotted along the x-axis. The solid and dashed white lines show the far-field profiles
of the FH1, and F Hy5 modes respectively. The theoretical data was generated by
Dr Peter Horak.

greater broadening in the higher order modes than was predicted. Secondly, an extra
peak can be seen close to the centre of the beam at ~800 nm in the experimental data.
The shape of the EH;; peaks around 790 - 810 nm look similar to the spectral distortion
caused by SPM, which produces first a splitting, and then a central peak, rising between
the split peaks as the nonlinear phase shift increases. Both of these differences suggest
that the nonlinear shifting of the spectrum is slightly stronger in the experiment than

predicted by theory.

The simplest reason for the difference in nonlinearity between the model and experiment
is that the nonlinearity for argon set in the model was too low and if it was increased
would provide a more accurate match. This was discussed and discarded as the nonlinear
refractive index for argon (ny = 9.8x 10724 m2W 1) is well documented [69]. The second
possibility was nonlinear propagation prior to entering the capillary. The model assumes
a perfect Gaussian pulse at the input to the capillary; however, in the experiment the
pulse must propagate through 1 beamsplitter and the 50 cm focal length lens. To check
this a pickoff from the beamline was directed into a FROG before the capillary with an
equivalent thickness of fused silica in front to replicate propagation of the pulse through
the lens. Figure 3.16 shows the temporal and spectral measurement of the pulse at
the same laser power used in the spatio-spectral measurement. A partly developed side
peak is clearly visible on the red side of the spectrum, which is indicative of nonlinear

propagation within the fused silica.

The model was therefore updated to use the real measured pulse as the input to the

capillary and the results are shown in Figure 3.17. The plot is set up as in Figure 3.15
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Figure 8.16: Temporal (a) and spectral (b) intensity of an 805 mW pump pulse measured before
the capillary. A 3 mm fused silica block was placed in the beamline to simulate
nonlinear propagation through the focusing lens.

Figure 8.17: Theoretical (left) and experimental (right) spectral intensity plots (linear plot) in
the lambda-r-plane. Wavelength is plotted on the y-axis whilst radial position is
plotted along the x-axis. The theoretical data was generated by Patrick Anderson.

and one can immediately see the change in the spectrum from the increased nonlinearity,
most notably the central peak at ~800 nm is now visible. The off axis contribution has
reduced in this theoretical data set which is attributed to slightly different initial beam
parameters being used. The position of the focus with respect to the capillary entrance
was not adjusted to match the experiment as accurately. However, this remains a useful
result and shows that the initial input to the model is critical to accurately predict
the propagation of the pulse within the capillary. From this point onwards, all plots
calculated using the MM-NLSE propagation model will use the measured pulse as the

input.
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3.2.4 Argon ion fluorescence

While spectral measurements at the capillary exit are a good test of the end point of
the model, measurement of the argon ion fluorescence along the length of the capillary
provides a test of the model along the whole propagation length. An incident pulse of
sufficient intensity can ionise a neutral argon atom creating an excited argon ion. The
highly excited ion relaxes to its ground state via allowed transitions. For argon ions one
of the radiative transmissions is at 488 nm which can be imaged. Experimentally, the
fluorescence, produced by excited argon ions created by the pump pulse, is filtered and
imaged from the side as shown earlier in Figure 3.11. This fluorescence is proportional
to the ionisation in this case as the 488 nm emission line is only produced by excited
argon ions, not neutral argon, therefore the fluorescence is dependant on the number
of ionised argon ions. The integrated fluorescence from each point along the capillary
length can be compared directly to the radially integrated ionisation levels predicted by
the propagation model. This experiment was carried out using the same parameters as
the spatio-spectral measurement, with an input power of 805 mW and a pressure of 100

mbar.

The integrated argon ion fluorescence and the theoretical integrated ionisation are com-
pared in Figure 3.18. The measured 488 nm argon ion fluorescence should be propor-
tional to the calculated ionisation level within the capillary. To aid comparison, the
position of the beating between the EH;; and EHis modes calculated for linear propa-
gation is shown as vertical dashed lines. The initial increase in ionisation at the capillary
entrance is observed in both theory and experiment and the first two major peaks appear
at approximately the same positions within the capillary. The smaller structures within
these major peaks do not correlate as strongly but similar trends can be seen. Note that
neither the theoretical or experimental peak positions coincide with the peak positions
calculated using simple linear mode beating. This highlights the requirement to include
nonlinearity in the propagation model, which contributes to the results observed in the
previous section. The final peak visible in the theory is not matched well in the exper-
imental results, nor is the overall decrease in ionisation over the length of the capillary

that is observed experimentally.

It is useful to remember at this point that the model assumes a perfect waveguide
and thus does not include losses due to the gas inlets or other scattering from debris
left within the capillary itself. These are the most likely causes for the discrepancies
between the two. As the pulse propagates down the capillary small amounts of it will
be scattered by any imperfections in the waveguide itself and large amounts by the
gas inlets themselves. Strong scattering is not seen at the first hole, as the two plots
appear to agree quite well. At the second gas inlet situated at 5 cm there is a clear
difference between the two. The theory suggests a continual rise in ionisation producing

the third peak, where as the experimental results show a sudden decrease after which
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Figure 3.18: Comparison of the summed radial ionisation (blue) and the imaged argon ion fluo-
rescence (red) along the length of the capillary. The vertical dashed lines show the
beat positions for linear mode beating between the FHy; and EH1s> modes.

the fluorescence remains low. Scatter from these gas inlets may be greater than expected
given the previous descriptions of the capillary manufacture as this particular result is
based on an older capillary, whose front face was shown in Figure 3.7. The gas inlets
in this case were produced on a laser drilling rig but were larger than those used in the
new capillary detailed thus far. These gas inlet holes had a 300 um diameter which was
maintained to the top of the inner bore. Other than this the two capillaries are identical,
in length, diameter and output mode shape. This further supports the argument for
increased scattering resulting in differences between the model and experiment, but
does not detract from the good agreement otherwise, further supporting the model as

an accurate representation of pump pulse propagation with capillaries.

3.3 Conclusion and future work

In the first half of this chapter the methods used to manufacture and use a short hollow
capillary as a HHG source have been detailed. The method used to cleave and polish
the capillary ends was described followed by drilling of the gas inlets using the main
beamline of the laser. The symmetrical transmission through the capillary wall was
used to accurately align the laser focus with the capillary core prior to drilling. Images
of the finished capillary including the end faces, gas inlets and finally mounted within the
T-piece were shown for reference. The approach to efficient coupling into the capillary at
low power (10 mW) was also described. Finally, the system running at high power with
150 mbar of argon was shown including the extensive spectral broadening and nonlinear
mode mixing. This led into the second half of the chapter where the propagation of the
pump pulse and the simple observations made thus far were looked at in more detail

and used to test the accuracy of the MM-NLSE propagation model being developed.

In Section 3.2 comparisons were drawn between the theoretical and experimental total
output spectra (Figure 3.12) and the strong part nonlinear mode coupling has to play

was realised. This was further investigated in Section 3.2.3 where a novel method to
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spatially resolve the entire output spectrum was used. The initial comparison showed
a very strong agreement and proved that the blue shifted part of the spectrum has a
large contribution in higher order modes. It was also noted that the total nonlinearity
of the model was less than that of the experiment. The cause of this was discovered
to be nonlinear propagation prior to the capillary which the model did not take into
account. Using the real measured pulse as the input to the model produced a new
spatio-spectral output whose comparison to the experimental data was much better. As
a result all further theoretical modelling uses the measured field as the input. To ensure
the model is accurately predicting the propagation of the pump pulse along the entire
length of the capillary and not simply at the end an experiment was devised to compare
the theoretical ionisation and experimental fluorescence along the capillary length. The
argon ion fluorescence was imaged and compared to the theoretical integrated radial
ionisation profile predicted using the model. Agreement between the two was very good
accepting that the model assumes a perfect waveguide and does not include losses due

to imperfections in the capillary or at the gas inlets.

In summary, a capillary has been manufactured and successfully used to help improve the
MM-NLSE propagation model that will ultimately be used to further advance capillary
based HHG sources. The model has been shown to be accurate at predicting the spatio-
spectral output from a capillary and the overall ionisation hence intensity profile along
the length. Whilst this work is an excellent starting point for capillary based HHG it is
just that, a starting point. In the next chapter the spectral comparison will be expanded
upon by looking at the temporal domain. This allows an extra dimension of accuracy
over the spectral intensity comparisons in the form of phase information. The output
pulse from the capillary is measured using a FROG under a variety of conditions and
compared to the theory. In addition to this the XUV spectra generated under these same
conditions will be explored in an effort to understand what is physically happening at

the end of the capillary.






Chapter 4

Pulse self-compression and HHG

in a short hollow core capillary

The work carried out in this chapter extends the previous chapter’s testing of the MM-
NLSE propagation model into the temporal domain. This chapter will begin by looking
at the initial temporal data from the output of the capillary followed by pulse self-
compression. The second half of this chapter focuses on HHG within the capillary and

attempts to explain the observed results.

4.1 High intensity pulse self-compression in a short hollow

core capillary

The input power and gas pressure within the capillary have a direct effect on the non-
linear propagation of the pump pulse and so were considered suitable tests of the model.
The initial results will be discussed including the required adjustments to the model and
post processing of the experimental data. This was required due to the large bandwidth
the pump pulse develops during its propagation and the resultant second order disper-
sion that it underwent. The final results led to the conclusion that within the capillary
the pulse is undergoing self-compression and that dispersion compensation can produce
a factor of 3 reduction in pulse length. Further examination of the model indicates in-
situ pulse compression down to 10 fs within the capillary, the uses of which are discussed
before moving onto the HHG and XUV spectra. Pulse compression of this type opens
up a new regime of compression techniques that use high ionisation and higher order

modes to self-compress the pulse.
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4.1.1 Experimental set up

The experimental set up used to measure the temporal output of the capillary is similar
to that used in the previous Chapter. A schematic is shown in Figure 4.1 with the only
difference being the replacement of the spectrometer with that of a FROG. Reflective
neutral density filters were used to reduce the power of the beam prior to entering the
FROG. The internal design of this FROG, a Swamp Optics Grenouille 8-20, becomes
important later and has been described in Section 1.2.3. During the first round of
experiments the pressure within the capillary was varied from 50 - 200 mbar while the
input power ranged from 131 - 947 mW. The variation of input is achieved as before,
by changing the pump power to the amplifier. The data collected from the FROG was

processed using Matlab.
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Figure 4.1: Schematic of the experimental setup for measuring the output pump pulse using a
FROG. The basic design is the same as in the previous chapter, Figure 3.11, with
a FROG device in place of a spectrometer. The pump pulse is directed out of the
vacuum chamber into a FROG. Reflective neutral density filters are used to reduce
beam power prior to the FROG. The input to the FROG allows only the central 3
mm of the beam, this constitutes the two central rings seen in Figure 3.9.

4.1.2 Temporal measurements of capillary output

Increasing the laser power without affecting the pulse length allows one to vary the
intensity of the input pump pulse to the capillary. Given what was learnt in the previous
chapter, as the intensity is increased so too will the nonlinear response of the focussing
lens to the pump pulse, changing its temporal and spectral distributions. For all of the
data modelled here at different powers the correct input pulse was measured and used
as the input to the model. As such the model should be able to accurately predict the
nonlinear propagation within the capillary and produce an accurate output pulse. The
nonlinear length, Ly was given in equation 2.52 and is a guide to how far through
a material a pulse must propagate before nonlinear effects become significant. It is

inversely proportional to both the pump pulse intensity and the nonlinear refractive
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index (ng) of the of the material. The nonlinear refractive index is scaled by the gas
pressure, as a result the nonlinearity observed within the capillary is dependent not only
on the laser power but also on the gas pressure. Three power runs and three pressure
runs will be discussed in the following pages; the complete data set can be found in

Appendix A.

Figure 4.2 shows the reconstructed output pulse as a variation of power for 50 mbar
(a), 100 mbar (b) and 150 mbar (c¢). The temporal (left) and spectral (right) intensity
distributions are shown for each case. There is a clear trend to more complex pulses as
the power was increased for all of the pressures. At low power the pulse undergoes little
spectral broadening, seen on the right hand side, and the pulse shape did not change
significantly from those seen previously in Figure 3.16. As the power was increased to
350 mW a small post pulse started to form and by 602 mW the final pulse structure
formed. This comprised three separate main peaks and was observed for all pressures
above a power of 602 mW. The total spectrum measured by the FROG at the higher
powers had the familiar shape of an SPM induced spectrum, with side peaks surrounding

the original central peak and a significant blue shift.

Figure 4.3 shows the output pulse as a variation of pressure for 260 mW (a), 476 mW (b)
and 805 mW (c). As before the temporal (left) and spectral (right) intensity distributions
are shown for each case. At low power (a) little spectral broadening and pulse shaping
was observed. A change in pulse shape was observed as the pressure was increased
from 50 mbar to 80 mbar, however further increase in the pressure had no effect on the
pulse. This was different for the 467 mW (b) input power where the pulse shape at
50 mbar produced a similar pulse shape to the 260 mW, 200 mbar case. This is to be
expected as the intensity and pressure both affect the amount of nonlinearity. Above
50 mbar the pulse appears to undergo temporal reshaping, producing the distinctive
three peak structure in the 100 mbar case. This becomes more pronounced as the
pressure is increased. The 805 mW case is somewhat different. In this case very little
change in the temporal or spectral distribution occurs as the pressure is increased. The
nonlinear length is inversely proportional to both the intensity and the gas pressure,
therefore changing either of these should produce some change in the pump pulse. As
this is not the case at high input powers (c) another effect must be contributing to
the evolution of the pulse in addition to the nonlinearity of the gas. This is ionisation
induced broadening which occurs in conjunction with nonlinear mode mixing. As an
intense pulse propagates the leading edge ionises the gas producing a plasma defocusing
effect, as described in Section 2.3.3. The trailing edge of the pulse sees this different
RI and is defocused leading to the nonlinear mode coupling observed in the previous
chapter. The remaining on axis pulse is therefore reduced in length, having lost part of
the trailing edge. The loss of the trailing edge steepens the temporal profile of the pump

pulse. In the frequency domain this steep edge produces spectral broadening and blue
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Figure 4.2: FROG reconstructions of output pulses from capillary for a range of powers at 50
mbar (a), 100 mbar (b) and 150 mbar (c¢). The temporal (left) and spectral (right)

intensity distributions are shown for each case.
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shifting of the pulse. This effect was not observed at lower input powers as the intensity

was not high enough to produce a large plasma based defocusing effect.

A quick comparison of the experimental data to the model was made by theoretically
reproducing the 805 mW, 150 mbar case. Figure 4.4 shows the theoretical output pulse
propagated to where the FROG is in the experiment. The temporal (left) and spectral
(right) distributions for a gas pressure of 150 mbar are shown. The input to the FROG is
only 3mm in diameter and so only this portion of the theoretical output beam has been
used. The stark difference between the theory and experiment is obvious, immediately
showing that something is wrong. The experimental pulse (red line) has three dominant
peaks in the time domain whilst the theory (blue line) shows a single 35 fs pulse. In
the spectral domain the theory shows the same overall shape shown in Chapter 3, with
a blue shifted shoulder and two smaller peaks on the red side of the central peak. The
experimental data shown here does not show the same blue shoulder although this is
attributed to the FROG device as its measurement of the spectrum is not as accurate
as a standard spectrometer. The two red shifted peaks are visible and show greater
intensity than the theory. The increased intensity of the side peaks suggest increased

nonlinearity.

The model assumes a perfect Gaussian input beam in the same way it originally assumed
a perfect Gaussian input pulse. One of the successes of the previous chapter’s experi-
ments was the realisation of the need to use more accurate pulse shapes at the input. In
exactly the same way the coupling of the beam into the capillary is heavily dependent on
the spatial input mode. The laser has an M? of around 2, so it was necessary to either,
theoretically create a beam with the appropriate M? or measure the real wavefront of
the beam. The former idea was discarded as there are many combinations of modes that
can create an M? of 2, with no way of knowing which is correct. A wavefront sensor
was built based on work by Jeong et al [70] which measures the field amplitude in the
near and far field and uses a phase retrieval algorithm to reconstruct the phase. The
measured wavefront was of a collimated beam and so did not show large changes in the
phase across the beam width, however, it was not completely featureless as has been
assumed thus far in the model. This work was carried out by Patrick Anderson and the

wavefront data used in the model. The second problem was with the experimental data.

The spectral broadening that the pulse undergoes has already been discussed. In the
previous chapter it was used to describe the coloured ring patterns and the blue shift in
the spectrum as the pulse propagated along the capillary at high power and pressure.
The pulses measured by the FROG have a FHWM spectral bandwidth of up to 70
nm, the actual bandwidth within the capillary is greater than this given that spectral
broadening has been observed to the green at around 530 nm. This means that significant
temporal broadening could occur as the pulse passed through the output window, neutral
density filters and the components within the FROG itself. The FROG manufacturers
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Figure 4.3: FROG reconstructions of output pulses from capillary for a range of pressures at
260 mW (a), 476 mW (b) and 805 mW (c). The temporal (left) and spectral (right)
intensity distributions are shown for each case.
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Figure 4.4: Comparison between theoretical (blue line) and experimental (red line) output pulse
from the capillary. The input power was 805 mW and the pressure set at 150
mbar. The experimental data was measured using a FROG, the theoretical data
was propagated an equivalent distance. The temporal (left) and spectral (right)
intensity distributions are shown for each case.

suggest that for large bandwidths it may be necessary to back propagate the pulse to
know the pulse length at the input to the FROG device.

Propagation through any material results in a change of the spectral phase of a pulse [53].
The spectral phase, ¢, can be written as a Taylor expansion of components shown in
equation 2.60. The third term in this equation is the GVD and describes the how
the pulse spreads out as it propagates. This is due to the frequency dependence of
the group velocity for the individual components comprising the pulse. Higher order
dispersion terms also exist but contribute less and so have been ignored for the following
calculations. The GVD of most materials is well know, including that of fused silica (36
fs?mm~! at 800 nm), which makes up the majority of the components used here. If
one multiplies this by the length travelled the GDD is given. The FROG is described
in Section 1.2.3 where the thickness of all optical components the pulse passes through
before the nonlinear crystal has been noted. The combination of GDD from the FROG,
neutral density filters and output window is ~ 440 fs?. The spectral distribution of a
pulse can be written as

E, = E%% (4.1)

where EO is the amplitude of the field and ¢ is the spectral phase. To back propagate
and change the spectral phase of the pulse one simply needs to multiply equation 4.1
with e??rror where Pprop 1s given by

1
Pprop = §k”(w — wp)? (4.2)

where k" = 440 fs?, wy is the central angular frequency and w is the instantaneous

angular frequency. The FROG reconstructions include the complex field data and so
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Figure 4.5: Comparison between experiment and theory of output pulses from capillary for a
range of powers with gas pressure set at 150 mbar. The temporal (left) and spec-
tral (right) intensity distributions are shown for each case. The experimental data
comprises FROG reconstructions that have had 440 fs? second order dispersion re-
moved to account for propagation to and through the FROG device. The theory
uses experimentally measured input pulse and beam shapes.

the back propagation detailed above was carried out using Matlab. The GDD adjustment
was carried out on the 150 mbar power scan experimental data originally shown in Figure

4.2c. The results of this and the new theoretical plots for the same parameters are shown

in Figure 4.5.

The experimental results (a) are significantly changed from the original measurements,
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which show a single dominant peak with a shoulder on the trailing edge and a smaller
pre-pulse forming at higher powers. The theoretical data (b) which now closely resembles
the experimental, shows the same dominant peak and shoulder on the trailing edge. The
pre-pulse is greatly reduced in the theory, however the overall agreement is very good.
The inclusion of the real wavefront to the propagation model has reduced the pulse
length after propagation to the FROG device making the minimum pulse length for
both data sets 28 fs. This is a very exciting result as the input pulse length for this data
was measured at 53 fs, meaning almost a factor of 2 pulse self-compression achieved in

a 7 cm capillary.

Pulse compression is a large area of research and many ultrafast research labs use pulse
compressors. The two main methods for pulse compression are filamentation [71] and
hollow capillary/fibre compression [72-74]. Both of these methods require distances in
excess of 1-3 m to achieve spectral broadening and compression. In particular, hollow
capillary compression requires post compression in the form of chirped mirrors. Fila-
mentation trades the efficiency of hollow capillary compression (67%) [54] for ionisation
induced pulse self-compression. A mixture of SPM and plasma broadening increases
the spectral bandwidth of the pulse, however this occurs only in a small region at the
centre of the beam. Spatial filtering is required to achieve the shortest pulses reducing
the efficiency to 20%. The efficiency of the 7 cm capillary compression was measured as
37%, the losses are due to the scattering at the gas inlets and high ionisation leading
to coupling of power into higher order modes. The compression shown here is part of a
new regime of pulse compression where ionisation is used to broaden the spectrum and
couple the pulse into higher order modes. Capillary compression techniques typically
avoid ionisation and use only SPM over long distances to broaden the pulse but show

little or no self-compression.

A similar effect in short capillaries has been observed before by Wagner et al [75] where
a pulse was compressed in a 2.5 cm capillary. The quoted compression was from 39 fs
down to 19 fs. However, the initial Fourier transform limited pulse length was actually
24 fs implying very little spectral broadening occurred. The pressure used was also much
lower than that used in these experiments (15 mbar) so one would expect greatly reduced
nonlinearity. This work was later extended to very high pressures (10 Torr) [76] where
doubly ionised argon produced a cut-off energy over 500 eV, however, the degree of
pulse self-compression observed was similar to Wagner et al. The result shown here has
a number of benefits over this other short capillary compression. The use of nonlinear
propagation allows for much greater spectral broadening, in turn producing far greater
compression factors and hence shorter, in-situ pulses. The peak intensity of the two
experiments is also quite different, with Wagner et al and Arpin et al using a peak
intensity of 2.2x10'® Wem™2, over an order of magnitude greater than that used here.

This means that the technique described here with the longer capillary and different
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Figure 4.6: Temporal (left) and spectral (right) comparison of input (dashed line) and output
(solid line) pump pulse from 7 cm capillary. The input power was 805 mW and
gas pressure set at 150 mbar. The output pulse has been dispersion compensated
to remove the 440fs? second order dispersion gained during propagation to and
through the FROG device, and an additional 150fs? to reduce it to a pulse length
of 15 fs. The input pulse length was 53 fs.

gas pressure regime can be more easily replicated by groups that do not possess such

powerful lasers, thus indicating a different regime of pulse compression.

During the work compensating for the GDD acquired by the pulse a second discovery
was made. The code used to calculate the new pulse lengths allowed any amount of
negative dispersion to be applied to the pulse. In real terms this would constitute
reflecting the pulse off of chirped mirrors that use a multilayer coating to apply negative
chirp, a technique used in hollow capillary compression. The amount of negative GDD
applied to the pulses was varied to find the shortest pulse length possible using second
order dispersion compensation. It was found that removing a further 150 fs?> of GDD
produced the shortest pulse. This technique was applied to all the pulses in the 150 mbar
data set, with the 805 mW case proving to have the greatest potential for compression.
Figure 4.6 shows the temporal (left) and spectral (right) distributions of the input pulse
(dashed ) and output pulse (solid line).

The output pulse has had an extra 150 fs? of second order dispersion removed, which
reduced the pulse length down to just 15 fs. The extra compression is the equivalent
of three reflections from a chirped mirror pair and reduces the 53 fs pulse by a factor
of 3.5. The outcome from this research is that a new regime of pulse compression has
been opened up with a compression factor of 3.5 and a transmission efficiency of nearly
40%. This is comparable to filamentation and hollow capillary compression and future
work on the subject may further improve the compression and size. To that end the
following section looks more closely at the pulse within the capillary itself using the

updated model.
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4.1.3 In-situ pulse self-compression

Up to this point the pulses that have been either measured or theoretically plotted have
been outside the capillary in the far field, i.e. after a significant amount of propagation
in free space. While this is useful and necessary for many applications if one wants to
use compressed pulses, it is important to remember the original purpose of this work,
to develop an efficient capillary based HHG source. For this, it is the pulse within the
capillary that is critical. The work thus far has served to improve upon the original
model and prove a high degree of accuracy in both the spatio-spectral and temporal
modelling of the pulse. The propagation of the pulse into the far field requires only a
Fourier transform of the pulse at the capillary exit. Given the accuracy of the model
in the far field one can assume a certain level of accuracy in the near field also, i.e.
within the capillary. Figure 4.7 shows a spatio-temporal plot of the pulse at the start
(a), middle (b) and end (c) of the capillary for the 150 mbar, 805 mW case. The line
plots show the temporal distribution of the pulse on-axis. The input pulse here uses the
measured wavefront data at the focussing lens, this results in a beam at the entrance to
the capillary that does not have a maximum intensity on-axis, however the pulse energy

redistributes itself during the propagation.

The colour maps are spatio-temporal plots of the pulse, with time on the y-axis and
radial position on the x-axis. Zero on the x-axis is the centre of the capillary inner bore.
The input pulse has an on-axis peak intensity of around 1.3x10 Wem™2 and a 53 fs
pulse length. All of the energy exists within the single pulse which spatially extends out
to 30 um before reducing. When the pulse reaches the middle of the capillary it has
undergone extensive spectral broadening and temporal restructuring. The pulse here
consists of three narrow peaks, the shortest of which is less than 10 fs in length with a
peak intensity of 5.8x10™ Wem™2, 4.5 times higher than at the start of the capillary.
The radial structure is quite complex, with the short <10 fs pulses contained within the
inner 10 pm. At the exit of the capillary the pulse shape has become yet more complex
and now exists as a series of short pulses. The peak intensity at this point has dropped
to 5.5x10' Wem™2. This intense pulse is still contained within the inner 10 gm of the

capillary.

It is the longer peak centred at -25 fs that becomes the main pulse in the far field that
is measured by the FROG. This pulse remains whilst the shorter, more intense pulse
is lost due to diffraction. As the short pulse exists within a 10 pum radius in the near
field as it propagates into the far field it diffracts more rapidly than the longer, radially
larger pulse. After just 1 cm of propagation from the capillary end the short, intense

pulse has diverged to such an extent that it is no longer visible on a linear plot.

Experimentally measuring these pulses is very difficult due to the rapid diffraction upon

leaving the capillary. Ideally one would place a collecting optic immediately after the
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Figure 4.7: Theoretically modelled spatio-temporal distribution of pump pulse shown at the
start (a), middle (b) and end (c) of the capillary. The spatio-temporal distribution
(left) shows the temporal distribution (y-axis) of the pulse as a function of radial
distance from the central axis (x-axis). A plot of the on-axis temporal distribution
is shown on the left. Significant pulse splitting and compression is observed as the
pulse propagates along the capillary. The intensity colourmap is displayed on a linear
scale, scaled to a maximum of 6x10'* Wem™2.
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capillary to re-image the capillary end and thus maintain the pulse structure. Unfor-
tunately the high intensity of the pulse prevents this, as any material placed this close
to the capillary exit is destroyed. At present these pulses have not be experimentally
measured and this remains an area of current and future research. It would be ideal if
one could collect the entire output from the capillary and re-image it without damaging
the collector. Such an advance would make the capillary compression much more useful,
as it may also remove the need for post compression entirely. If the model is correct
and the pulse is undergoing self-compression to this extent it makes the capillary a very
useful and effective ”in-situ” pulse compressor, boasting a compression factor of 4.5 with

no need for post compression following spectral broadening.

Short hollow capillary compression provides an ideal method to compress and use pulses
within the capillary, as is the case for HHG where the increased intensity leads to higher
energy cut-offs and the reduced pulse length improves phase-matching. The usefulness
of this method cannot be stressed enough. One of the main objectives for many groups
in the HHG field is higher harmonics, pushing the cut-off towards the water window.
The cut-off is proportional to the intensity of the driving pulse, and here it has been
shown that this can be increased by a factor of 4.5 in 7 cm of propagation and within
the target medium used for HHG, removing the need for expensive optics to bring such

a short pulse to the target. It is a pulse compressor and XUV source in one.

At this stage the propagation of the pump pulse within the capillary has been studied
and tested in some length and the nonlinear propagation model has been shown to be
accurate at predicting the pulse evolution in both the time and frequency domains. The

following section will look at the XUV spectra produced by some of these pulses.

4.2 Pressure dependence of pump pulse and XUV spectra

high-harmonic generation is a complex process that depends strongly on the pump pulse
and the target gas. The pulse wavelength and intensity determine the maximum energy
harmonics that can be generated, given by equation 2.4. As a result the laser power used
for HHG in the following experiments was kept at 805 mW, as this power has thus far
shown the highest compression. To efficiently generate high-harmonics one must consider
the phase-matching of the process. phase-matching has been discussed in Section 2.2.
The basic premise is to match the phase velocity of the fundamental wavelength and
any generated harmonics. Perfect phase-matching is very difficult to achieve in such
highly nonlinear conditions due to the number of terms that require balancing. In a
capillary one must balance the phase mismatch due to the waveguide (equation 2.34),
the atomic phase (equation 2.42), the neutral gas atoms (equation 2.31) and the free
electrons (equation 2.27). The waveguide mismatch varies with mode, varying as energy

is coupled into different modes. The atomic phase depends on the intensity gradient of
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Figure 4.8: Schematic of experimental setup to measure the XUV spectrum generated within
capillary. The pump pulse is filtered out using two 200 nm freestanding aluminium
filters. The XUV beam passes through these filters to a grazing incident spectrom-
eter. It is spatially sliced by a vertical slit before reflecting off of a 300 lines/mm
grating. From here the XUV beam meets an MCP which converts the XUV to
electrons, these then collide with a phosphor screen producing visible light that is
imaged onto a CCD.

the pump pulse. The neutral gas and free electron terms can be varied by changing the
gas pressure and ionisation fraction. The ultimate limit to the amount of XUV one can
generate is the absorption of the XUV by the neutral gas. In the following section the
dependence of the HHG process within the capillary to gas pressure will be explored

showing some interesting effects which will be discussed and explained.

4.2.1 Experimental set up

The experimental set up to measure the output pump pulse includes a 45 degree silvered
mirror to direct the beam out of the vacuum chamber. If this mirror is removed the
beam can continue to an XUV spectrometer. Aluminium filters were used to separate
the pump beam from the XUV beam. Two 200 nm free standing filters were used
for these experiments. A grazing incidence spectrometer was used to record the high-
harmonic spectra. This consisted of a 0.5 mm wide vertical slit followed by a 300 lines /
mm grating at glancing incidence. A micro-channel plate (MCP) detector collected the
XUV photons and converted them to electrons which collide with a phosphor screen.
The screen is imaged onto a Princeton Instruments Pixis 400 CCD camera using a 35
mm camera lens. The wavelength range of the spectrometer in this configuration is 20
- 60 nm. A schematic of this part of the experiment is shown in Figure 4.8. For this
data set the XUV spectrum was collected for a pump input power of 805 mW and argon
gas pressure varied in 5 mbar steps from 50 mbar up to 140 mbar and 10 mbar steps
from there to 240 mbar. The associated pump pulse data that will be discussed in this

section refers to the data set shown in Figure 4.3c.
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4.2.2 XUV spectra variation with pressure

To put the following work into context it is useful to think about what one expects to
see in a high-harmonic spectrum. The basic structure was described in Section 2.1.1 and
consists of a perturbative region at low energies, followed by a plateau and finally the cut-
off region at higher energies. The cut-off region is defined by the wavelength and intensity
of the input pulse and can be calculated using equation 2.4. The intensity at the end of
the capillary is predicted to be ~ 5.5 x 10 Wem™2 which gives a cut-off wavelength
around 10 nm. This high energy cut-off cannot be observed in this experiment for several
reasons. The aluminium filters used to separate the pump from the XUV have a high
absorption between 10 - 18 nm. In addition to this the spectrometer can only measure
20 - 60 nm. For argon there is also an effect known as the Cooper minimum [77] which
causes a dip in the harmonic spectrum with a minimum at 25 nm. As a result one
would expect to see a harmonic spectrum with an apparent cut-off towards 25 nm. As
the gas pressure is varied the harmonic spectrum should retain its shape but the relative

intensity between peaks may change as the phase-matching of each harmonic varies.

The full set of CCD images of the XUV spectra are shown in Appendix B. A select
few, at the pressures coinciding with the pulse measurements of the previous section
are shown in Figure 4.9, these range from 50 mbar (a) through to 200 mbar (f). The
curved feature in the top left corner of the images is the edge of the phosphor plate. The

wavelength is given along the x-axis while the y-axis shows a slice through the beam.

The change in the spectrum with gas pressure was not anticipated. At 50 mbar (a)
the harmonic spectrum does indeed show harmonics spreading towards the expected 25
nm cut-off, the intensity distribution is also shifted as one would expect, however, the
spectrum is far from well defined. Off-axis one can see faint lines at the points between
spectra, and on axis the harmonics are broad, some showing multiple peaks. This odd
structure becomes more apparent as the pressure is increased to 80 mbar (b) where the
individual harmonics appear to broaden into each other. The maximum peak intensity
has also increased. At 100 mbar (c) the spectrum changes once more, with narrower
distinct peaks forming at the higher harmonics. At this point however, the maximum
harmonic intensity has reduced to below that seen in the 50 mbar case. More change is
observed at 130 mbar (d) where the spectrum is becoming more clearly defined, the inter
harmonic peak structures are becoming less obvious and the peak intensity is increasing
once again. This trend is continued at 150 mbar (e), with the spectrum appearing more
orderly and again an increase in the peak intensity is observed. At 200 mbar (f) the
harmonic spectrum appears well defined with a set of narrow peaks. The peak intensity
has increased further still and a maximum was observed at 180 mbar (see Appendix B).
There are two aspects of this data set that require explanation beyond what has already
been mentioned. These are the change of the spectrum from complex to well defined

and the variation in harmonic peak intensity as the gas pressure is increased.



78 Chapter 4 Pulse self-compression and HHG in a short hollow core capillary

Wavelength /nm Wavelength /nm
Wavelength /nm Wavelength /nm
Wavelength /nm Wavelength /nm

Figure 4.9: XUV spectra imaged using the setup shown in Figure 4.8 at different gas pressures
within the capillary. The spectra were taken for pressures of 50, 80, 100, 130, 150
and 200 mbar and are shown here (a - f) respectively. The wavelength is shown
on the x-axis and a vertical slice through the beam is shown on the y-axis. The
colourmap is a log plot of the intensity in no. counts.
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4.2.3 XUV absorption within the capillary

Before further analysis of the data it is necessary to look at the XUV absorption within
the capillary. In a waveguide the pump pulse intensity can be maintained over long
distances, if perfect phase-matching can be maintained the XUV flux would increase
exponentially along the entire capillary length. This is not the case due to absorption
of the XUV by the neutral argon gas within the capillary. As such the XUV spectra
shown in Figure 4.9 are not representative of the XUV generated throughout the entirety
of the capillary. The large majority of XUV photons will be reabsorbed and thus not
contribute to the output spectrum. To understand the changes in the spectrum that
have been observed, it is necessary to know where in the capillary the generation that

is observed is occurring.

The refractive index of all materials in the x-ray range is close to 1 and all absorb. The

refractive index of a material in this range can be written as
n(w)=1-6(w) + if(w) (4.3)

where §(w) is the real and dispersive part of the refractive index and f(w) is the absorp-
tive. All data regarding the refractive index of the XUV used in this report has been
taken from the CXRO database [78]. The CXRO database uses this data to provide in-
formation on the transmission of XUV through many gases and solids. The transmission
data was used to create an integrated transmission for every point within the capillary.
This was written using the predicted pressure profile within the capillary shown in Fig-

ure 3.10. The data set for a maximum pressure of 100 mbar is shown in Figure 4.10.

This plot shows the capillary position along the x-axis, the wavelength of light transmit-
ted along the y-axis and the transmission percentage from that position to the capillary
exit in the colourmap. As one would expect, the transmission increases to 1 at the
exit where the gas pressure reduces to zero as does the required propagation distance.
This data set shows the furthest distance within the capillary that a significant portion
of XUV can be generated and used. The XUV transmission through argon depends
strongly on the wavelength. For wavelengths longer than 30 nm absorption becomes
strong, reducing transmission. This can be observed in the full data set shown in Figure
4.10, the contribution from wavelengths above 30 nm comes only from the very end of
the capillary. For a maximum pressure of 100 mbar and 30 nm XUV one can expect
more than 10% transmission from each point only in the final 1 ¢cm of the capillary. In
the same conditions one can expect the same transmission from the final 2 cm for 25
nm XUV. This situation becomes more complex when one remembers that XUV can
only be generated where argon is present and that the XUV flux scales with the square
of the pressure [79]. This was included in the model by multiplying the transmission

data set by the normalised, squared pressure profile and is shown in Figure 4.11. This
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Figure 4.10: XUV transmission for every position within the 7 cm capillary. The x-axis shows
the XUV generation position within the capillary, the y-axis shows the wavelength
ranged from 20 - 40 nm and the normalised transmission is shown by the colour
bar.

figure represents the limit within which XUV can be both generated and transmitted
and overlays pulse intensity and phase matching conditions. This absorption produces
the longer wavelength cut-off observed in the spectra shown in Figure 4.9. It is also
worth remembering the Cooper minimum here. The data shown in Figure 4.11 shows
the highest transmission at 25 nm, however, the Cooper minimum will shift this to longer

wavelengths.

4.2.4 Pressure dependent XUV spectra; the plot thins

To understand why the spectrum becomes more orderly as the pressure is increased one
can look at two things, the pump pulse and the absorption. The measured pulses shown
in Figure 4.3c have been adjusted for second order dispersion and are shown in Figure

4.12. This shows the pulse used to generate the XUV spectra in Figure 4.9.

As was mentioned in the previous section, the temporal variation of the pulse with
pressure at higher powers is very small. There is a slight change between the 50 mbar
and 80 mbar cases, however above these the pulse at the exit of the capillary does not
appear to change. The XUV spectra associated with each pulse measurement (Figure
4.9) has been spatially summed and plotted as a function of pressure, see Figure 4.13.
The spectra shown here were made by vertically summing the full CCD images. Here the
x-axis shows the wavelength, y-axis the intensity and z-axis the pressure the spectrum
was taken at. As the pressure is increased from 50 to 100 mbar the individual harmonics

broaden and in some cases gain an extra peak. Further increase in the pressure narrows
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Figure 4.11: XUV generation and transmission for every position within the 7 cm capillary. The
pressure profile has been included to account for the fact that the XUV intensity
scales with the square of the pressure. The x-axis shows the XUV generation
position within the capillary, the y-axis shows the wavelength ranged from 20 -
40 nm and the normalised transmission is shown by the colour bar. Note: the
discontinuity of the feature at 50 mm is due to the step size used.
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Figure 4.12: Temporal (left) and spectral (right) distributions of output pulse for a range of
pressures. The input power was set at 805 mW and the pressure varied from 50
mbar to 200 mbar. The pulses have had 440 fs? of second order dispersion removed
to account for propagation to and through the FROG.
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Figure 4.13: Plot of the summed XUV spectra shown in Figure 4.9. The wavelength is shown
on the x-axis, the pressure on the z-axis and summed intensity on the y-axis.

the individual harmonics and raises the peak intensity. By 200 mbar the harmonic

spectrum is well defined, with a peak intensity 4 times greater than at 50 mbar.

The results shown here are not fully understood and the following is the current expla-
nation I am working with, further work in the future will be required on this subject. To
explain these results one must return to the XUV transmission and generation within
the capillary. As the maximum pressure within the capillary increases, 50, 80, 100 mbar
etc, the length over which XUV can be generated and transmitted decreases. The trans-
mission plots for all six pressures shown above are given in Figure 4.14 while Figure
4.15 shows a plot of the same data for 27 nm radiation only. The spike at 50 mm is
a result of the rapid drop in pressure at the second gas inlet reducing the amount of
HHG that can occur. It has been shown that the generation and transmission region for
25 nm extended twice the distance into the capillary than for 30 nm radiation. If one
considers a single wavelength, 27 nm for example, the same is achieved by a change in
pressure. The transmission scales linearly with pressure, therefore 27 nm radiation can
be generated and transmitted from 20 mm into the capillary at 50 mbar but only from
45 mm at 200 mbar. This effect coupled with the pressure profile within the capillary
results in a narrowing of the generation and transmission region within the capillary as

the gas pressure is increased and is shown clearly in Figure 4.15.
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Figure 4.14: XUV generation and transmission for every position within the 7 cm capillary for
a range of pressures. The maximum pressure within the capillary is calculated for
50, 80, 100, 130 150 and 200 mbar shown as (a - f) respectively. The pressure
profile has been included, taking into account the fact that the XUV intensity
scales with the square of the pressure. The x-axis shows the XUV generation
position within the capillary, the y-axis shows the wavelength ranged from 20 - 40
nm and the normalised log transmission is shown by the colour bar. The width and
maximum of the generation region decreases as the pressure is increased. Note: the
discontinuity of the feature at 50 mm is due to the step size used.
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Figure 4.15: 27 nm generation and transmission within the 7 cm capillary for a range of pressures.
The maximum pressure within the capillary is shown in the legend and varies from
50 mbar to 200 mbar. The transmission (y-axis) for every position within the
capillary (x-axis) is a measure of the relative flux expected from each point. Note:
the discontinuity of the feature at 50 mm is due to the step size used.

Although the temporal shape of the pulse at the output does not change with pressure
it is changing whilst propagating through the capillary. As the pulse propagates it will
undergo spectral broadening, blue-shifting and temporal reshaping. In other words the
pulse shape at 4 cm through the capillary will not be the same as it is at 5 or 6 cm. The
high-harmonic spectrum generated depends on the pulse shape and spectrum and so the
harmonic spectrum generated at 4, 5 or 6 cm along the capillary will not be the same.
When the pressure within the capillary is set to 50 mbar, the total XUV spectrum that
is generated and transmitted is based on a region within the capillary that is close to
twice the length than that at 200 mbar. As a result the spectrum measured and shown
in Figure 4.9 is a sum of a larger number of different spectra generated by each different
pulse shape. At 200 mbar the generation region is smaller, thus the total summed
spectrum will consist of spectra from a similar pulse shape, producing a well defined
spectrum. The increase in pressure would also explain the increase in peak intensity, as

the region of generation scales linearly with pressure but the flux scales quadratically.

Another possible contributor to the complex harmonic spectral shape is intra-pulse inter-
ference. The MM-NLSE model predicts quite complicated temporal distributions within
the capillary seen in Figure 4.7. The XUV field generated by different parts of the same
pulse can interfere and generate complex spectral shapes, the simplest example being a
double pulse producing a spectrum containing interference fringes with spacings defined
by the pulse separation. In this case the pulse shape would have to change from a com-

plicated structure at low pressure to a more simple structure at higher pressure which is
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not observed as the pulse has been shown to propagate similarly at different pressures.
However, HHG is a highly nonlinear process and thus requires a high intensity. If the
pulse structure changes such that only a single peak can produce HHG the resulting
spectrum would be ordered. An example of this can be seen in Figure 4.7 where the
pulse half way down the capillary has two large peaks while at the capillary exit only a
single high peak exists. At lower pressures pulses further within the capillary contribute
to the final spectrum, thus making it more complex. It is likely that a combination of
the narrowing generation region and intra pulse interference are the cause of the spectral

changes.

Intra pulse interference and absorption can be used to explain the change in the spectral
shape but not dip in harmonic flux observed between 80 - 130 mbar. A reduction in
intensity means that something other than simple absorption and pressure scaling is the

cause for the flux variation.

Whilst the pressure variation does not affect the pump pulse propagation the combi-
nation of absorption and the temporal reshaping that occurs as the pulse propagates
will lead to a change in the phase-matching at different pressures. Variation in pressure
does not affect the phase mismatch due to the waveguide which remains constant. The
contribution from the neutral gas is negligible compared to other contributions and so
is not considered. The contribution from the atomic phase and the free electrons will
be affected differently. The free electron phase mismatch scales linearly with the num-
ber of free electrons, this is dependent on both the pressure and the intensity of the
pulse. The atomic phase scales linearly with the pulse intensity but is not dependent
on pressure. The intensity of the generating pulse changes as it propagates and thus so
will the atomic and free electron phase mismatch contributions. In the same way that a
different harmonic spectrum is generated at each point within the capillary, each section
of the capillary will have a unique phase mismatch, given by the contributions of the
waveguide, free electrons and atomic phase. As the generation and transmission region
changes with pressure so too will the total phase mismatch and therefore the final flux of
each harmonic, thus producing a more complex harmonic flux dependence on pressure

than would exist in a gas cell or jet.

4.3 Conclusion and future work

In a continuation of the previous chapter’s work the experimental pump pulse propa-
gation is compared to the theory predicted by the nonlinear propagation model being
developed by Dr Peter Horak. In this chapter the testing is extended from the spectral
regime to the temporal regime where not only the intensity distribution but also the
phase distribution of the pulse was compared upon exiting the capillary. The power

of the input pulse and the argon pressure within the capillary were used as variables.
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Comparison of the pump pulse temporal output as a function of input power showed
major differences between the experiment and theory. This lead to two discoveries. The
large degree of spectral broadening that the pulse has undergone means second order
dispersion of the pulse after exiting the capillary was important and had to be com-
pensated for in the results taken. The complex pulse data was adjusted to remove the
440 fs? of dispersion added to each pulse. Additionally the importance of the input
pulse spatial mode was realised. In an analogy to the need for a real temporal pulse
input seen in the last chapter, it was realised that using a perfect Gaussian as the input
mode is not accurate and leads to different pulse outputs. As a result a wavefront sensor
was produced and the real measured beam wavefront was used as the input. These
two changes produced excellent results, that not only showed good agreement but also
showed pulse self-compression from 53 fs to 28 fs in the 7cm capillary. An additional
150 fs? of GDD was removed from the spectral phase of the 805 mW, 150 mbar pulse
theoretically, reducing its length to 15 fs. Propagation within a short 7 cm hollow core
capillary under the correct conditions has been proven to produce a pulse compression
factor of 4.5, and can act as an XUV source, removing the need for further expensive
optics or unintentionally increasing the pulse length whilst directing the pulse to the

target chamber.

Following the discovery of pulse self-compression within the capillary, the use of it as an
XUV source was investigated. In the second section of the chapter the dependence of
the harmonic spectrum on gas pressure within the capillary was explored. This decision
was made due to the strong dependence of the pump pulse to input power variation, but
that at higher powers (805 mW) the dependence on pressure was small. phase-matching
within a capillary depends on the waveguide, pulse intensity, neutral gas pressure and
free electron density. Adjusting the gas pressure changes the not only the phase-matching
but the absorption length of the XUV. The XUV spectrum generated for 805 mW input
power and a variety of gas pressures was measured. The data showed a distinct and
unexpected difference as the pressure was increased. The XUV spectrum at 50 mbar
was quite complicated, with the individual harmonics broadening out, and extra peaks
appearing between them, but as the pressure was increased it became more orderly until
at 170 mbar a well defined harmonic spectrum was produced. In addition to this the
harmonic peak intensity was observed to reduce between 80 -130 mbar before climbing
again, a result that cannot be explained without a change in the phase-matching. It was
shown that a combination of absorption and gas pressure profile lead to a reduction in
the length of capillary HHG could occur and be transmitted in as the gas pressure was
increased. The different pulse temporal and spectral distributions at each point in the
capillary would generate different harmonic structures. At low pressures the generation
length is large, giving rise to a large number of different harmonic structures contributing
to the final, complicated output XUV spectrum. At high pressure the short generation
length means the different harmonic structures are generated from similar pulses and

so the total output XUV spectrum was well defined. The change in generation length
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also changed the total atomic and free electron phase mismatch contributions causing
the variation in harmonic intensity. To fully understand this the 1-D QM HHG model
will be combined with the MM-NLSE model to produce a theoretical XUV spectrum.

This chapter has shown that to produce the most orderly harmonic spectrum with the
highest harmonic intensity one must use both high gas pressure, > 150 mbar, as well
as high input power, 805 mW. This combination of pressure and power leads to a high
compression factor of the pump pulse itself as well as the phase-matching and absorption
length required for well defined, high flux harmonics. The next chapter makes use of
results from both of the previous chapters. The reliability of the MM-NLSE propagation
model is used to help design a new capillary based on two observations that have been
made; The argon ion fluorescence from Chapter 3 and the generation region within the
capillary based on the gas pressure profile. This results in a shorter capillary with over

an order of magnitude increase in the total flux.






Chapter 5

Capillary optimisation for

improved flux and energy

The thesis up to this point has looked at the manufacture, operation and modelling of a
7 cm capillary. Within this work the MM-NLSE propagation model has been improved
and the importance of the initial conditions were highlighted. Experimentaly, it has been
shown that the capillary can be used to generate a harmonic spectrum up to the Cooper
minimum using argon as a target gas whilst simultaneously acting as a high intensity
pulse compressor. All of these results are excellent steps forward in the understanding of
capillary based HHG and can be used to further improve performance. In the following
chapter these advances in understanding are used to optimise the capillary design. The
arguments for a new capillary design will be discussed in the following section, after which
the process of optimisation itself will be described. The observations that have been
made thus far in the report are used as an overall structure for the new capillary design
and the constraints the design required. The use of the MM-NLSE propagation model to
finalise the design was carried out by Patrick Anderson under my supervision. Following
the final design and theoretical comparison of the two capillaries the manufacture of the

capillary and the subsequent experimental results will be shown and discussed.

5.1 Why design a new capillary?

To understand why a new capillary design may be beneficial one needs to think about
the aim of this research. Initial work was a series of tests to improve the MM-NLSE
propagation model but that in itself was for a larger purpose, to create an efficient, high
energy, high flux source for use in XUV microscopy. At the beginning of the thesis it
is mentioned that to make a better microscope, to look at smaller details, one may use
shorter wavelengths, hence the use of XUV. The two properties of this source that are

the most important for microscopy are shorter wavelengths, i.e. a higher energy cutoff,

89
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and high flux, to reduce the required integration time and improve the SNR. Increasing
the cutoff energy has already been discussed in Section 2.1.1 where equation 2.4 shows
that one can increase either the wavelength or intensity of the driving pulse to increase
the cutoff energy. The cutoff scales with the square of the wavelength which has led
many groups to opt for longer wavelength driving lasers [28,80] in order to reach shorter

wavelengths.

The previous chapter has shown that increasing the intensity is possible with capillary
pulse self-compression, the reduction in pulse length increases the pulse peak intensity
within the capillary. The shorter pulse also improves the phase-matching for the higher
energy harmonics as the pulse intensity peaks before the ionisation increases significantly.
Improving the flux of the source is achieved by this method, as improved phase-matching
leads to a greater XUV yield, however, reducing the absorption of the generated XUV

is also important for flux increase.

In Chapter 3 argon ion fluorescence was compared to the integrated ionisation profile
predicted by the MM-NLSE propagation model, Figure 3.18. The experimental data
showed good agreement with the theory and both showed a very similar trend at the
end of the capillary, i.e. low levels of ionisation. It has already been mentioned that
the ionisation within the capillary is linked with the peak intensity of the pump pulse,
yet the experimental data and theory both show a reduction towards the end of the
capillary, the experimental data even more so. The cause of this is twofold; a reduction
in pressure and hence fewer ions, and a reduction in peak intensity towards the end of

the capillary due to losses.

The ionisation profile can be used to estimate where the highest energy XUV can be
generated with the largest yield. The ionisation profile results from a combination of
gas pressure and pulse intensity. The gas pressure profile between the gas inlets is flat,
therefore an increase in the ionisation profile within this region is an indication of an
increase in the pulse peak intensity. The high intensity may extend to the end of the
capillary. However as the pressure decreases at the capillary exit, so too will the free
electron density, shown in Figure 3.18. However, a region of high ionisation is a good
indication that both the gas pressure and pulse peak intensity are high. The high peak
intensity leads to the generation of higher energy harmonics, given by equation 2.4,
whilst the harmonic intensity scales with the pressure squared. Thus, regions within
the capillary that have high ionisation should generate larger yields of greater energy

high-harmonics.

Figure 5.1 is a comparison of two plots that have previously been shown. The top figure
(a) is that of the argon ion fluorescence and ionisation profile from Chapter 3. The
bottom figure (b) shows the transmission from each point within the capillary taking
into account the pressure profile, as was seen in Chapter 4. The length scale along the y-

axis of both have been scaled together to show where the generation within the capillary
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Figure 5.1: Comparison of the ionisation within the 7 cm capillary and the calculated XUV
transmission from within the capillary. (a) shows the experimental and theoretical
ionisation within the capillary shown previously in Figure 3.18. (b) shows the cal-
culated transmission from each point within the capillary. The position within the
capillary (x-axis) is scaled for both plots.

can be achieved and transmitted. It is clear to see from this that the first three peaks in
the ionisation profile do not contribute at all to the XUV output of the capillary. The
final peak shown in the theory, but not observed as strongly in the experimental data
does contribute. However, from the peak ionisation at 55 mm only 9% of the 27 nm
radiation will be transmitted out of the capillary. A similar trend can be seen for most

wavelengths generated in this region.

The ideal solution here would be for the capillary to end at the apex of the highest
ionisation peak, thus generating the highest energy harmonics with the highest trans-
mission possible. This is not possible as the pressure will always decrease towards the
exit; however it is possible to get close to this. The position of the final gas inlet must
be as close to the back of the capillary as possible. This would produce a constant high
pressure up to the end, followed by a rapid decrease in pressure, thus allowing genera-
tion to occur followed by the minimum amount of absorption. In addition to this, the
back end of the capillary should be shortened to move it closer to the third peak in
the ionisation profile. This has the highest ionisation and the shortest pulse, shown in
Figure 4.7b. Without the help of the nonlinear propagation model these would be the
only changes made to the design, however, using the model it is possible to arbitrarily

change the capillary length and pressure profile to produce the best possible pressure



92 Chapter 5 Capillary optimisation for improved flux and energy

and hence ionisation profile. In this way the nonlinearity within the capillary can be
used and controlled by design to produce the best capillary. The next section looks at
the capillary optimisation, the final design and a comparison between the old (7 cm)

and new (4.5 cm) capillaries.

5.2 Optimising the capillary design

The same capillary cross section was used for the new design and so the inner and outer
diameters remain the same at 150 pym and 1.6 mm respectively. The overall constraints
around which the new capillary was designed are those mentioned above. The second
gas inlet must be as close to the capillary end as possible, in this case 3 mm, and the
ionisation profile must peak at the rear of capillary. The MM-NLSE propagation model
was run by Patrick Anderson. The following ionisation and spatio-temporal plots shown

in this section use the data that he obtained from the model.

Within the model one can simply choose how long the capillary is and what the pressure
profile is. The first step in the optimisation process was to look at where the capillary
should be stopped, followed by improving the ionisation profile. The nonlinear mode
mixing that occurs within the capillary defines how the ionisation profile changes. It
was discovered that although the heights and general shapes within ionisation peaks
can be changed by the pressure profile, their overall position is the same for a given
input pulse and capillary core diameter. It has already been shown that high ionisation
results in coupling into higher order modes which is a necessary component to the pulse

self-compression techniques. The attenuation constant of the capillary modes, equation
2

=, therefore coupling to higher order modes makes the

2.70, was shown to scale with u
capillary more lossy. It was also shown in Chapter 3 that extra loss was observed in the
real experiment not included in the model. As a result the capillary design should be
shorter to maximise the final intensity of the pump pulse. The ionisation peak at 4 ¢cm
was chosen as the target for further development, as it shows the highest ionisation and

thus the highest intensity for a given pressure.

The position of the second gas inlet is fixed by manufacturing limitations; however the
same is not true of the first gas inlet. Adjustment of the first gas inlet defines how soon
within the capillary the pressure increase occurs. At the gas inlet there is a sharp pressure
decrease of 20% followed by a linear decrease to the capillary end. The high intensity of
the pump pulse causes ionisation of the gas and therefore nonlinear mode mixing within
the capillary, in addition to the spectral broadening and subsequent compression of the
pulse. If the gas inlet is placed close to the entrance the nonlinear propagation will begin
more quickly. The effect of the first gas inlet position on the ionisation profile is shown
in Figure 5.2. A series of pressure profiles are shown on the left, where the position

of the first gas inlet is shifted towards the front of the capillary, starting at 20 mm
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Figure 5.2: Comparison of different first gas inlet positions (left) and the associated theoretical
ionisation (right) within the 4.5 cm capillary for each one. The plots are shown for
a gas pressure of 150 mbar and inlet positions 20 mm, 15 mm, 10 mm and 5 mm
from the front of the capillary.
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Figure 5.3: Schematic of 4.5 cm capillary. The capillary is 1.6 mm in diameter with an inner bore
diameter of 150 pum. Gas inlets passing through the capillary wall are positioned 5
and 3 mm from the front and rear respectively.

and ending at 5 mm. The associated ionisation profile for each is shown on the right.
The x-axis for both shows the position along the capillary, while the y-axis shows the
normalised pressure (left) and ionisation (right) for each. The z-axis shows the distance
of the gas inlet from the front of the capillary. It is clear to see that as the gas inlet is
brought closer to the capillary entrance, the height of the final ionisation peak increases.
This is a result of the extra nonlinear propagation through the gas up to that point.
Longer propagation lengths lead to greater spectral broadening, mode mixing and pulse
self-compression. Placing the gas inlet at 3 mm instead of 5 mm made no significant
difference to the ionisation profile and having it at 5 mm made it easier to tell which

was the front end of the capillary.

The final design of the capillary is shown in Figure 5.3. It is 4.5 cm in length with gas
inlets at 5 and 3 mm from the front and back of the capillary respectively. A comparison

of the old (7 cm) and new (4.5 cm) capillaries is shown in Figure 5.4. The 7 cm capillary
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data is shown on the left, whilst the 4.5 cm data is shown on the right. The comparison
is broken into three sections and shows the pressure profile (top), the ionisation profile
(middle) and the transmission from within the capillary (bottom). All of the data is
scaled together.
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Figure 5.4: Comparison of the pressure profile (top), ionisation profile (middle) and transmission
(bottom) between the 7 cm and 4.5 cm capillaries. The 7 cm capillary data is shown
on the left whilst the 4.5 cm capillary data is on the right. The capillary position
(x-axis) of all the plots is scaled together. The transmission data shows the relative
transmission of the capillaries. As expected the 4.5 cm capillary shows a higher
transmission.

The lower two comparisons show where the transmission region and ionisation peaks
overlap. The new capillary design has higher ionisation at the capillary exit than the
old and the overlap between that and the transmission region is greater. The generation
and transmission region comparisons shows that simply by pushing the second gas inlet
towards the capillary exit the maximum transmission has more than doubled. The
increased ionisation peak also indicates that the XUV that is generated will be of higher

energy and flux.

The temporal compression in the new capillary is also greater than that in the old
capillary, this is shown in Figure 5.5. As before the old and and new capillary data is
shown left and right respectively. The plots show the spatio-temporal distribution of
the pulse at the exit of the capillary (top) and a line plot of the on axis distribution
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(bottom). In the short capillary case the pulse compression has resulted in two sub 5
fs intensity spikes separated by 20 fs. These two features are significantly more intense
than the surrounding pulse train of the original, broad pulse. The model thus shows a

factor of 10 compression in just 4.5 cm of propagation.

Figure 5.5: Theoretically modelled spatio-temporal distribution of pump pulse at the exit of the
4.5 cm (a) and 7 cm (b) capillaries. The spatio-temporal distribution (left) shows
the temporal distribution (y-axis) of the pulse as a function of radial distance from
the central axis (x-axis). A plot of the on-axis temporal distribution is shown on the
left. Significant pulse splitting and compression is observed as the pulse propagates
along the capillaries.

The comparisons give a strong indication that the new capillary can outperform the old
in both energy and flux. The next section will describe briefly the manufacture of the

new capillary and its transmission.

5.3 Manufacture of 4.5 cm capillary

The manufacture of the new capillary was carried using the same methods as the 7 cm
capillary. The ends were cleaved and polished to create a capillary 4.5 cm in length.
Images of the front and rear ends of the capillary are shown in Figure 5.6. After clean-
ing the capillary the gas inlets were drilled, again using the same methods as before,
described in Section 3.1.2. Microscope images of the gas inlets are shown in Figure 5.7.
Both the first (left) and second (right) inlets show a cleanly drilled hole at the top (a,
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Figure 5.6: Microscope images of the final capillary end faces. Both have been polished to a to
a surface roughness of < 300 nm.

b) of the capillary and when focused on core itself (c, d) show that the hole is central to
the core. The side images (e, f) show that the first hole appears to hit the core cleanly
whilst the second hole has surrounding damage to the core. After cleaning the capillary
in acetone and de-ionised water there was still a small amount of debris visible within the
capillary. Due to time constraints the capillary was washed several more times before
moving onto coupling, with debris inside. The debris does not stop gas flow through the
capillary and the combination of gas flow and laser has removed such problems before.

The capillary was mounted using x-rings, not UV curing adhesive due to the proximity
of the gas inlets to the capillary ends. The adhesive is difficult to contain in a small
volume and the risk of it blocking the capillary ends was deemed too high. The x-rings
are small rubber rings with an X shaped cross-section. This extra point pushing against
the capillary and the glass T-piece reduces the background pressure by more than an
order of magnitude over a standard o-ring. An image of the mounted capillary is shown
in Figure 5.8. The T-piece holding the 4.5 cm capillary is slightly shorter than that
holding the 7 cm capillary, however the front face of both capillaries is placed at the
same distance from their T-piece end. In this way the two capillaries can be quickly
switched over without the need for extensive realignment of the beamline. The process
of switching capillaries and realigning can take less than 5 minutes, including pumping
up and down as a gate valve was inserted to separate the front end of the vacuum system

from the filters and main chamber.

Although care was taken in the manufacture of this capillary the transmission is not
as great as that in the 7 cm capillary. The low power, zero pressure transmission is
only 63%. As the power is increased this does not reduce, however, there is a greater
interaction between the laser and gas inlets. The output mode is a combination of
EHy; and FHi5 comprising a large central mode surrounded by a narrower ring. At
high power, supercontinuum generation from within the glass is also observed at the
output in the form of two separate coloured ring patterns overlaying the mode structure.
Adjustment of the capillary alignment showed that these are caused by the laser passing
through glass at the gas inlets, implying that damage of the material around them

extends into the inner bore. The light scattered from these gas inlets is more intense
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Figure 5.7: Microscope images of gas inlet holes laser drilled through capillary wall. The top
images show the outer surface of the first (left) and second (right) gas inlets. The
focus is translated through to the core for the middle image. The hole passing
through to the open core can be seen in the centre of each image. The bottom image
shows a side view of each gas inlet.
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Figure 5.8: Image of the completed 4.5 cm capillary mounted within a glass T-piece. The capil-
lary is held in place by two x-rings which also ensure the gas is introduced into the
capillary by two gas inlets.

than the 7 cm capillary and is assumed to be the cause for the reduced transmission. A
new capillary was not made but should be in future to remove this problem and further

improve the capillary.

5.4 Experimental set up

The experimental set up for this comparison experiment is similar to that used in the
previous chapter to measure the XUV spectrum, the difference here being that a flux
measurement is being taken. With the spectrometer configuration, shown in Figure 4.8,
it is difficult to accurately work back to the total flux of the source, as there are many
more mechanisms of loss. In order to not only compare but also to calculate the absolute
XUV yield of this new source an Andor XUV CCD camera was used. The only change
to the basic layout is that the Andor camera is placed in the beam path on a 2-axis
translation stage so that it could be moved whilst the system was under vacuum. Using
this it was possible to move the Andor camera out of the beam path so that the XUV

spectrometer could be used, as is shown in Figure 5.9.

Images of the XUV beam generated by each capillary were taken. The input power
when using the 7 cm capillary was 850 mW, during the course of the experiment the
power dropped slightly so that after the 4.5 cm capillary was installed the power had
reduced to 810 mW. This difference was smaller than the step change in power possible
by adjusting the pump to the amplifier, so could not be changed. Images of the XUV
beam from each capillary were taken at pressures of 0, 50, 100, 150 and 200 mbar. The

0 mbar cases were used to remove the background from the images and ensure there was
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Figure 5.9: Schematic of experimental setup used to measure the XUV flux and spectrum of the
4.5 cm capillary. The basic layout here is the same as that used in Chapter 4 with
the addition of an extra vacuum chamber. The chamber (not shown in schematic)
contains an Andor XUV CCD camera mounted on a translation stage. This can be
placed in the beamline for XUV flux measurements or moved sideways to allow the
beam into the grazing incidence spectrometer. The inclusion of the new chamber
increases the distance between the capillary and spectrometer by approximately 50
cm.

no pump laser breakthrough. In addition to this the XUV spectrum was measured for

the new capillary with an input power of 880 mW, at the same pressures.

The experimental data for the comparison of the flux was taken at the same time to
remove the possibility of varying laser conditions or changes in the transmission. The
spectral measurements that are also discussed in this section were not taken on the same
day. Due to time constraints on the day the spectra for the 4.5 cm capillary were taken
the following day, resulting in a slight power difference. In addition, prior to the work
carried out in this chapter the beamline was moved and rebuilt to accommodate a large
chamber between the capillary and XUV spectrometer for other projects. As a result
the XUV spectrometer was moved further from the XUV source and a useable harmonic
spectrum from the 7 cm capillary could not be obtained. The spectrum of previous
experiments was between 25 and 35 nm. The Cooper minimum of argon means that the
high energy cutoff remains at 25 nm, however the longer wavelength cutoff may move to
higher energies as the larger peak intensity shifts the entire spectrum to higher energies.

The harmonic spectrum should exist between 25 - 35 nm.

5.5 Comparison of 4.5 and 7 cm capillaries

In the data that was collected from the two capillaries there is a difference between the
XUV beams that complicates the simple comparison of which capillary has a greater
flux, this is the height of the beams. The 7 cm capillary beam is 1-2 mm lower than the
4.5 cm beam when they pass through the aluminium filter mount. The mount is designed
to slide left/right so that different filters can be put in place but the height cannot be
changed. This meant that the 7 cm capillary beam was clipped slightly by the edge of
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the 5 mm hole through which the beams pass. This clipping is present on all of the
following images that were taken of the two beams but is stronger in the 7 cm case. The
capillary alignment was changed in an attempt to bring the beam up but the coupling
was too critical and any adjustments to that end stopped the HHG process altogether.
As such one must remember that the flux calculations for the 7 cm capillary will be
slightly lower than they are in actuality; that being the case, the difference between the
two data sets is so large that this does not account for the majority of the difference. In
the worst case scenario the beam has been clipped by half which, as will be shown, is

small in comparison to the overall flux difference.

The background subtracted image data from the 7 cm capillary is shown in Figure 5.10.
The full CCD images (left) are shown as linear plots and are scaled together. A vertical
line section through the most intense region of each image is shown on the left. The
pressure is indicated in the top left corner of each image ranging from 50 to 200 mbar.
The clipping of the filter mount is most obvious in the 50 mbar case (a-b) where the line
section through shows at most half of the beam has been clipped. The clipping is much
less extensive in the other cases with the 200 mbar case (g-h) showing no clipping. The
FWHM of the beam in all four cases is ~ 150 pixels. The peak number count within
this data set is 705, shown in (b).

Figure 5.11 shows the background subtracted data for the 4.5 cm capillary. Again the
full CCD images are shown on the left and the line plots through the most intense region
are shown on the right. The difference in beam heights is immediately obvious with the
4.5 cm capillary images showing little or no clipping. The magnitude of the signal is also
very different. The plots are all scaled linearly as before however in this case the limit is
set at 19000 counts instead of 700. The 4.5 cm capillary output beam is slightly larger
than the 7 cm output beam, with a FWHM of ~ 200 pixels. It is not unreasonable to
expect different sized beams from the two capillaries given how the beams are produced.
The mode structure within the capillary will differ between the two as will the point
where the XUV beam imaged here is generated. The beam at this point is in the far
field, therefore the generation region for the 4.5 cm capillary must have been smaller

radially than that of the 7 cm capillary and thus diffracted more quickly.

To show the difference between the two capillaries more explicitly Figure 5.12 shows the
vertical line plots through the most intense part of each image overlayed. The similar
pressure cases are plotted within the same figure starting with 50 mbar (a) and ending
with 200 mbar (d). From this, one can see the variation of flux of each capillary as the
pressure is increased. The 7 cm capillary shows a high flux at 50 mbar (~ 700 counts)
which decreases for the 100 (~500 counts) and 150 mbar(~450 counts) cases before
increasing again at 200 mbar (~600 counts). This trend is similar to that observed
previously in Chapter 4 as the pressure was increased. The data here is a summation of
all harmonics generated and so the broad intense harmonics observed in Figure 4.13 at

50 mbar will contribute more than the lower ones that exist as the pressure is increased.
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Figure 5.10: Images (left) and line plots (right) of the XUV beam generated by the 7 cm capillary
at four different gas pressures. The images were taken using a the setup shown in
Figure 5.9. The pressure within the capillaries was set at 50 mbar (a-b), 100 mbar
(¢c-d), 150 mbar (e-f) and 200 mbar (g-h). The colour-map indicates the no. counts
of each pixel and is shown on a linear scale. The circular cutoff surrounding the
lower half of some beams is created by the filter mount used to separate the XUV
from the pump beam.

One would also expect to see an increase as the pressure reached towards 200 mbar when

the harmonic peak intensity increased once again.

The reverse is observed in the 4.5 cm case. The peak height at 50 mbar is ~2500 counts,
this increases to ~7000 counts at 100 mbar and again to ~18000 counts at 150 mbar.
Beyond this the flux decreases with a peak height of ~6000 counts at 200 mbar. The
difference in flux between the two capillaries is both clear and significant. The new 4.5
cm capillary has in the worst case (50 mbar) 3.5 times greater peak count and in the
best case (150 mbar) a 46 times greater peak count. In short, the data shows that the

new capillary does indeed outperform the old as expected.
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Figure 5.11: Images (left) and line plots (right) of the XUV beam generated by the 4.5 cm
(right) capillary at four different gas pressures. The images were taken using the
setup shown in Figure 5.9. The pressure within the capillary was set at 50 mbar (a-
b), 100 mbar (c-d), 150 mbar (e-f) and 200 mbar (g-h). The colour-map indicates
the no. counts of each pixel and is shown on a linear scale. The circular cutoff
surrounding each beam is created by the filter mount used to separate the XUV
from the pump beam.

Whilst the line plot comparisons of Figure 5.12 show an increased flux from the 4.5 cm
case one cannot use those numbers as the difference in flux. Whilst the peak height
at each pressure does provide an insight into the peak number of photons at a given
point within the beam, it does not give us either the real number or the total number of
photons within the beam i.e. the flux. To calculate this one must go back to the image
data. A Matlab script was written to calculate the flux hitting the Andor camera for

each image and the results are shown in Table 5.1.

Table 5.1 shows the calculated flux of each capillary for all four pressure cases, providing
a more accurate comparison of the two data sets. The increase in flux between the two

capillaries for each pressure ranges between one and two orders of magnitude. These are
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Comparison of the most intense part of the XUV beam generated by the 7 cm (blue
lines) and 4.5 cm (red lines) capillaries for pressures of 50, 100, 150 and 200 mbar
(a-d respectively). The data is a line plot through the most intense region of each
image shown in Figures 5.10 and 5.11 with similar pressures plotted together.

Figure 5.12:

Table 5.1: Calculated XUV flux for 7 and 4.5 cm capillaries

Pressure /mbar | 7 cm capillary flux /ph s~1  4.5cm capillary flux /ph s1
50 4.89%108 0.52x 1010
100 2.10x108 1.06x1010
150 1.65x108 1.54x1010
200 3.80x108 0.50x 1010

greater than the actual difference, given the clipping of the 7 cm capillary beam for the
lower three pressures, but are still significant. The greatest difference is still seen at 150
mbar where the 4.5 cm capillary flux is calculated to be almost 100 times greater than
that of the 7 cm capillary. Comparing the best results from each capillary however, one
must return to the 50 mbar case for the 7 cm capillary and the 150 mbar case for the
4.5 cm capillary. Here the flux was calculated as being 4.89x10% phs—! and 1.54x 100
phs~! respectively, giving a ratio of ~31 in favour of the new capillary. This may reduce
to a ratio of 15 or so if the beam was not clipped but still shows a large increase in the
overall flux. In addition to that the XUV spectrum produced by the 7 cm capillary at
50 mbar (Figure 4.9a) is not one that one would want to use for the purpose of imaging,
where well defined, narrow harmonics are desired. As such this new data shows that
not only has the overall flux been improved greatly, but that the pressure where it is

greatest should have a cleaner spectrum. To test the truth of this the XUV spectrum of
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the 4.5 cm capillary was measured and will be shown following the flux calculations.

The flux for both capillaries measured at the CCD has been calculated but this is not the
total flux generated by the capillary. The filters and intermediate argon gas absorb the
XUV and so to get a true value of the flux that the new capillary can generate one must
take these absorptions into account. The absorption by the argon gas is the simplest to
calculate and is done using the CXRO database as in Chapter 4. Between the capillary
exit and the Andor camera there are two main regions of differing pressure, before and
after the filters. The filters and their mount must remain light tight and thus there
is not much space for gas to flow between the two sides, however, enough can pass to
prevent the pressure differential from damaging them. The pressure measured between
the capillary and the filters while the gas was flowing was 0.23 mbar. The pressure in
the main chamber was measured at 1.2x10~* mbar. The respective distances are both
about 40 cm. The absorption within the chamber at the lower of the two pressures is
negligible and thus transmission is given as 1. The absorption through the first section

is greater and for ~27 nm the transmission given by the CXRO database is 60%.

The transmission of the filters is not easy to calculate given the aluminium oxide layer
that exists on each surface. The transmission through 200 nm of aluminium is fixed,
however, each surface of the filter has a layer of aluminium oxide. The total absorption
of the filter is mainly due to these layers and so the thickness is very important. The
thickness of the oxide layers quoted in the literature varies greatly from 4 - 40 nm [81,82]
depending on the author. This constitutes a transmission of 80% or 13% per oxide layer
for 4 and 40 nm respectively. As this would lead to such a large difference in the
calculated flux the literature was not used. To remove this unknown it was necessary to
measure the transmission of a single filter, so that the transmission of two such filters
could be known. To do this 5 filters were used. Two were placed in one slot of the
filter mount and three were placed in another. The Andor camera was used to capture
the image of an XUV beam using both of these filter sets, with only a few seconds
between exposures one can be confident that the flux of the beam did not change. The
flux of each of these cases was calculated in the same method as above. The difference
between them was a factor of 0.13, which is the transmission through the single extra
filter. Therefore the total transmission between the capillary exit and the Andor camera
is 1%. The flux at the capillary is 2 orders of magnitude greater than that measured
by the CCD. Table 5.2 shows the updated flux calculations for the two capillaries. The
maximum flux is generated by the 4.5 cm capillary at 150 mbar and is 1.54x10'2 phs~!.
This maximum flux is likely to be larger than this. There is a small amount of oil on the
surface of the CCD which can be seen as dark spots on the all the images in Figures 5.10
and 5.11. This oil absorbs the XUV reducing the measured flux of all beams. In addition
to this Figure 5.11f shows that the beam is being clipped slightly, further reducing the

measured flux.
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Table 5.2: Adjusted XUV flux for 7 and 4.5 cm capillaries

Pressure /mbar | 7 cm capillary flux /ph s—1 4.5cm capillary flux /ph s 1
50 4.89% 1010 0.52x 1012
100 2.10x 1010 1.06x 102
150 1.65x 1010 1.54x10%2
200 3.80x 101 0.50x 1012

X Ipixels X Ipixels

X Ipixels X lpixels

Figure 5.13: XUV spectra imaged using the setup shown in Figure 5.9 at different gas pressures
within the capillary. The spectra were taken for pressures of 50, 100, 150 and 200
mbar and are shown here (a - d) respectively. The uncalibrated wavelength is shown
on the x-axis and a vertical slice through the beam is shown on the y-axis. The
colourmap is a linear plot of the intensity in no. counts.

In order to compare this new XUV source against the sources used by other groups one
final piece of information is required, the spectrum. The flux of a high-harmonic source
is usually quoted in photons per second per harmonic (ph harm™' s~1 ) as generally
only one harmonic is used for imaging. The XUV spectrum produced by the 4.5 cm
capillary was measured for an input power of 880 mW at 50, 100, 150 and 200 mbar of

argon. The results are shown in Figure 5.13.

As was mentioned in the discussion of the experimental set up, due to the greater distance
between the source and the XUV spectrometer in this experimental configuration the
photon losses are greater. As a result the spectrum for the 50 mbar case is not clearly
visible, however, the 150 mbar case again shows the highest flux. To make the spectra
easier to see Figure 5.14 shows the spectra summed over the spatial axis (y-axis) of the

image. The plot shows the uncalibrated wavelength scale along the x-axis and the gas
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pressure along the z-axis. The wavelength regime is similar to that of the 7 cm capillary,

however, the cut-off has been increased towards the 25 nm Cooper minimum.
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Figure 5.14: Plot of the summed XUV spectra shown in Figure 5.13. The wavelength is shown
on the x-axis, the pressure on the z-axis and summed intensity on the y-axis.

The 50 mbar spectrum can be seen in Figure 5.14, as can the blue shift of the overall
spectrum as the pressure is increased. This effect was also observed in the 7 cm capillary
spectrum, see Figure 4.13. The harmonic peak intensity increases as the pressure is
increased up to 150 mbar, after which it decreases again. This trend follows that observed
in the flux data taken using the Andor camera. At 150 mbar two peaks dominate over
all others, these two peaks contain ~ 75% of the detected signal. From this one can say
that one of these harmonics will contribute to 37.5% of the total flux, giving a final flux
of 5.78x10™ ph harm™" s~ or 5.3x10'2 ph harm="' s~' em~2. This is a conservative
estimate given the loss of photons due to the oil on the CCD. This is the highest flux

HHG source in the world in this wavelength range.

5.6 Conclusions and future work

Based on observations from the previous two experimental chapters the work described
in this chapter detailed the successful improvement of the capillary based HHG source.
It was shown from previous work that the area within the 7 cm capillary where the
highest harmonics are generated and the volume where the generated harmonics are
transmitted out of the capillary did not overlap entirely. This was observed using the
7 cm capillary’s ionisation profile both measured and calculated in Chapter 3, and the

calculated transmission from within the capillary from Chapter 4. Using this knowledge
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a basic redesign for the capillary was outlined. The highest ionisation peak within the
capillary occurs at 4 cm down the capillary, whose position is fixed by the input spatial
mode and the core diameter of the capillary. The capillary length was reduced to put
this peak at the exit of the capillary. In addition to this the position of both gas inlets
was moved. The rear gas inlet was moved as far back as possible to 3 mm from the exit,
whilst the position of the first gas inlet was allowed to vary in the model to maximise
the final ionisation peak structure. The total amount of nonlinear propagation within
the capillary is controlled by the position of the first gas inlet. It was shown that the
closer this is placed to the front of the capillary the greater the nonlinearity, spectral
broadening and subsequent pulse compression. This led to the placement of the first gas
inlet 5 mm from the capillary entrance. The final design of the new capillary therefore
consisted of a 4.5 cm long capillary with a 150 pgm inner bore and a 1.6 mm outer
diameter. Gas inlets were laser drilled into the capillary 5 and 3 mm from the entrance
and exit of the capillary respectively. The newly manufactured capillary was fixed into
a glass T-piece mount using x-rings as the close proximity of the gas inlets to the ends
may have resulted in UV curing adhesive entering the capillary bore. A theoretical
comparison of the two capillaries is shown in Figures 5.4 and 5.5. These show the
improved overlap between the peak ionisation and the transmission regions of the new
capillary as well as the increase in transmission simply by reducing the absorption by
the argon towards the rear of the capillary. The spatio-temporal comparison of the
pump pulse shows increased pulse self-compression in the new capillary, with features
of less than 5 fs in length. All this supports an improved capillary design with reduced

absorption and improved phase-matching.

The experimental results immediately agree with what was expected. The flux of both
capillaries was measured at 50, 100, 150 and 200 mbar using an XUV CCD camera for
comparison. The flux data from the 7 cm capillary followed a similar trend to that
observed in Chapter 4, with the flux decreasing at 100 and 150 mbar before increasing
again at 200 mbar. This was different from the 4.5 cm capillary where the flux increased
up to 150 mbar before decreasing afterwards. The maximum flux from the 7 cm capillary
was more than an order of magnitude lower than that of the 4.5 cm capillary and at 150
mbar the difference in flux between the two capillaries was almost two orders of mag-
nitude. The maximum flux measured at the CCD for the new capillary was 1.54x10'°
ph s~1. The XUV transmission through the aluminium filters was then measured and
added to the calculated transmission through the remaining argon gas to provide a value
for the flux generated at the capillary exit. This was calculated to be 1.54x10'2 ph s~1.
Finally the XUV spectrum from the 4.5 cm capillary was measured in order to know the
flux per harmonic. The spectrum was measured for the same gas pressures as above,
with the 150 mbar case proving to be the best. This was shown in Figure 5.14 where
the spectrum was dominated by two harmonics containing 75% of the total flux. The
final flux measurement was then calculated to be 5.78 x 10! ph harm™' s~! | one of the

highest yields of an HHG source in the world.
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Further improvement and characterisation of the new source is planned. The transmis-
sion of the new capillary was only 60% compared to 80% for the old. This is attributed to
excess damage to the inner capillary bore during the gas inlet drilling process. A newly
manufactured capillary of the same design with more care taken during the drilling will
improve the XUV yield. It is worth noting the large improvement over the old capillary

even with this issue.

In addition to remaking the new capillary, the beam height will be adjusted or the
filter diameter increased to avoid clipping of the XUV beam and subsequent loss of flux.
Looking further on, the aluminium filters will be replaced by Zr or Nb filters as the
transmission bandwidth of these lies between 10 - 20 nm. This would allow the true
XUV cutoff to be measured, which according to the peak intensities calculated within
the capillary should push past 10 nm. Pushing further down towards the water window
will require replacing the argon gas with either neon or helium, however both of these are
lower nonlinear refractive index values than argon. As such a combination of gases could
be used to both allow pulse compression and nonlinear mode mixing from the argon and
a higher energy cutoff from the neon or helium which both possess higher ionisation
potentials. The final stage of improvement to the project would be the inclusion of
the HHG process to the nonlinear propagation model. Inclusion of this, which is being
worked on, would allow one to take an extra step forward in future capillary designs.
The phase-matching conditions, expected flux and XUV beam profile could be predicted
before a capillary was even manufactured, leading to some potentially exciting designs.
Needless to say, the area of capillary based HHG is currently, and will be for some time

to come, rather exciting.



Chapter 6

High-harmonic generation using a
fibre-based CPA laser

The information that one can derive from a scattering experiment is limited by the
signal-to-noise ratio. Noise levels can easily ‘wash out’ the diffracted higher orders,
which contain information on smaller structures. An increase in the overall flux will
increase the signal-to-noise and can thus allow more information on smaller structures
to be obtained in shorter times. The fibre laser was designed with this in mind. Fibre
lasers have the potential to run at much higher average powers than bulk lasers due to
the different geometry of their gain medium. The fibre laser used in this experiment was
designed and built at the University of Southampton by Dr Jonathan Price and will be
briefly described in the following sections. The original intention was to create a pulsed
fibre laser capable of generating 130 W average power at a repetition rate of 100 kHz.
This goal has not yet been achieved, but the laser can produce enough power for HHG

whilst running at 33 kHz.

This Chapter will look at the work carried out using a chirped pulse amplifier (CPA)
based fibre laser for HHG. The experimental set up will be discussed as will the detection
methods used. This is followed by the successful detection of XUV and characterisation
of the source. Following the characterisation of the source the possibility of improving the
signal further using an interesting focusing geometry is briefly discussed before finishing

with flux estimations.

6.1 System design and experimental setup

The available space was small in comparison to the main Ultrafast X-ray laboratory

and so a much more compact and simple system was required. The following sections
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describe the basic design of the fibre laser used during these experiments as well as the

vacuum system, filter and detection systems that were built.

6.1.1 Fibre laser design
6.1.1.1 Fibre laser with integrated phase-based pulse shaping

The schematic of the phase-controlled polarization maintaining (PM) Yb-doped fiber
CPA system is shown in Fig. 6.1. The seed laser pulses (~ 150 fs, A =1055 nm, A\ ~
12 nm) were reduced in repetition rate from 50 MHz to 100 kHz using an electro-optic
modulator. The pulses were then stretched to a duration of ~1 ns using a bulk grating
stretcher before being phase-shaped with a computer controlled pulse shaper. Core-
pumped Yb-doped fibre pre-amplifiers increased the average power to ~0.1 W, then
two cladding-pumped amplifiers were used to achieve high pulse energies and average
powers. The first cladding-pumped amplifier comprised a 3.5 m length of double-clad
PM Yb-doped large-mode-area fibre (core diameter 20 pm, NA 0.06; inner cladding
diameter 240 pm, NA 0.5) pumped by a 6 W fiberised 915 nm diode. The final amplifier
comprised a 2 m length of double-clad Yb-doped PCF (core diameter 40 yum , NA 0.03;
inner cladding diameter 170 um, NA 0.6) pumped by a 20 W fiberised 975 nm diode. For
the high energy results, acousto-optic modulators prevented ASE build-up, and reduced
the final repetition rate to 16.67 kHz. A dielectric grating compressor with 65% overall

transmission efficiency re-compressed the pulses.

The pulse shaper used a telescope to expand the input beam-waist and a diffraction
grating with a groove density of 1100 lines/mm oriented at 10 degree incidence angle.
A cylindrical lens (f=200 mm) focussed the beam and a 128 pixel phase-only liquid
crystal spatial light modulator (SLM) was placed at the Fourier plane of the folded 4f
setup [83]. The pixilation implies that the spectrum could be manipulated in blocks of
width 0.078 nm. The control loop was approached as a global optimisation problem,
using a differential evolution algorithm [34]. Following initial trials, the search algorithm
typically ran for 3000 iterations and took ~5 minutes to optimise the autocorrelation
peak. The inclusion of the pulse shaper allows the system to run at an average power of
1.65 W. Using the phase shaper reduces the pulse length at 1.65 W from 500 fs to 380
fs. The energy per pulse is 99 puJ.

The power and size of the system are limited by the core size and damage threshold
of the fibres used in the final amplifiers. At this point, increasing the energy, i.e. the
intensity within these fibres leads to nonlinear propagation and subsequent degradation
of the pulse shape. Degradation of the pulse results in a reduction in intensity due
to pulse broadening and the occurrence of pre- and post-pulses. A bulk compressor is

required for similar reasons, the intensity of the compressed pulses is above the damage
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Figure 6.1: Schematic of fibre laser design including basic layout of HHG experiment at the
output.

threshold of available fibre designs which would result in material damage and failure of

the laser.

6.1.1.2 Filtering and detection system

In Section 5.5 the XUV transmission of aluminium filters is was shown to be dependant
on the thickness of both the aluminium and aluminium oxide layers. The thickness of the
aluminium layer is 200 nm, whilst that of the oxide layer is typically accepted as being
between 4-40 nm. When calculating the total transmission of a filter one must account
for two oxide layers, each reducing the signal, for example, at 40 nm by 80%. A simple
solution to improve the signal is to remove these oxide layers. This is not possible on a
free standing filter, however, if one were to coat the front surface of a photodiode with
aluminium only a single oxide layer will grow on the front surface providing a five fold
increase in signal. As such, an aluminium coated photodiode (International Radiation
Detectors AXUV20AA1) was purchased. A single 200 nm aluminium filter was still
required to provide sufficient reduction of the fundamental and was placed at the front

of the custom made detector mount (Figure 6.2).
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XUV beam
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Figure 6.2: Diagram of the new photodiode mount. The diode mount is made of three main
components. The front cap is designed to reduce high angle scattering onto or
around the single aluminium filter. The central hole is 5 mm in diameter. The main
body has a rest for the filter with a 5 mm diameter hole through the centre. A gas
inlet has been drilled through to allow pressure regulation around the filter, this is
capped to prevent light entering. The rear of the main body has a larger diameter
hole to house the diode mount itself. The photodiode sits within the tube and when
inserted, is pressed against a rubber ring to prevent light scattering around the edge
of the diode itself.

A recess in the front of the mount is occupied by a free standing aluminium filter, the
inner diameter of the tube following this is 5 mm, the same as the diode mounted within.
A right angled chimney within this section allows the regulation of the pressure around
the filter to prevent it from breaking when pumping down. The diode itself presses
against a rubber ring to prevent light scattering around the back giving a false signal.
It is held in place by an insulating back plate made light tight with carbon tape. The
signal cable from the diode is coupled out of the chamber through a BNC adapter to a

voltage preamplifier (the manufacturer design and specifications are shown in Appendix

Q).

6.1.2 Experimental setup

A top down schematic of the setup is shown in figure 6.3. A gas cell is used for the
generation. It consists of a short flattened section of % inch copper pipe with an interior
depth of 500 pm. This is capped at one end for mounting and connected to a gas line at
the other. Two 500 um holes drilled through the cell allow the laser to pass through. It
is mounted as close to the input window as is allowed by the length of the copper tube
comprising the cell. The gas input feed comes in through the right hand KF40 input
and is removed by a KF40 ribbed tube attached to the left hand input on a T-piece
with a Leybold pressure gauge to measure background pressure in the chamber. The
photodiode mount is placed at the rear of the chamber, again as close to the back as

possible to reduce the strain on the aluminium filter from both the gas and fundamental
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Figure 6.3: Top down diagram of the setup used. The final lens has a focal length of 7.5 cm and
is mounted within the KF40 input to the chamber. A 50 cm lens is mounted on a 20
cm rail prior to the vacuum chamber to allow movement of the focus through the gas
cell. Xenon and argon gas is fed in through the left port to the gas cell. The gas is
pumped out of the chamber through the right port using the same pump and tubing
as before. The laser is focused through the gas cell and is filtered by a single 200
nm aluminium filter at the front the of the XUV detector. The aluminium coated
XUV photodiode is mounted within. The signal is fed out the back of the vacuum
chamber via a BNC adapter directly into the preamp.

laser. The separation of the cell and the front of the detector mount, shown in figure
6.4 is 3 cm.

A 7.5 c¢m focal length lens is used to focus the laser through the gas cell. The vacuum
chamber has a diameter of 15 ¢m so to accommodate the lens, gas cell and detector
whilst avoiding damaging the filters with the fundamental beam. The lens was mounted
within the KF40 inlet tube to the chamber in a custom designed mount. In addition to
this a 50 cm plano-convex lens was mounted on a rail outside the chamber to provide a

means of scanning the focus through the gas cell for improved phase-matching.

6.1.3 Optimisation of vacuum system

The XUV photodiode is situated 7 ¢cm from the generation region inside the gas cell,
Figure 6.5 shows the x-ray transmission through this distance of argon for three pres-

sures. From this it is clear that maintaining a low background pressure is critical in
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Figure 6.4: Photograph of the gas cell and front of the detector mount. The distance between
the two is 3 cm. The laser is incident from the right hand side. The cell is wrapped
in carbon tape to absorb laser scatter from the filter. The front of the detector has
an aluminium lid placed over the end to reduce high angle scattering onto or around
the filter.

detection of harmonics generated with wavelength greater than 30 nm.

Results of the measurement of the background pressure are shown in figure 6.6. The
chamber pressure scales linearly with cell pressure but is reduced by two orders of mag-
nitude. This means that for a typical gas cell pressure of 50 mbar the backing pressure

of 0.5 mbar will absorb only a few percent of the XUV at 30 nm.

6.2 HHG and XUYV results

This section follows a similar pattern to the previous with the addition of successful XUV
detection and analysis. The successful detection of an XUV signal using xenon as the
target noble gas will be discussed followed by analysis of the signal to ensure it is a result

of HHG and to understand the limitations. Possible improvements in the XUV signal
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based on some interesting observations in the focussing conditions are briefly discussed
followed by calculating the maximum flux of this system compared to the Ti:Sapphire

based laser used in Chapters 3 - 5.

6.2.1 Analysing the XUV signal

Initial experiments with argon gas showed a small, faint plasma ball at gas cell pressures
above 30 mbar. The existence of a plasma ball shows that the intensity is high enough
for HHG, however no XUV was detected. The small size of the plasma ball made it
possible to use its position to calibrate the relative distance between the gas cell with
the calculated position of the focus. The peak intensity of the pulse in this configuration
is 1.02x10™ Wem™2. To calculate the peak intensity and relative position of the focus
with respect to the gas cell an ABCD propagation code was written in Matlab. This
assumed a flat phase front at the 50 cm lens, and could propagate the beam through
both lenses for different separations, with a peak intensity calculation for each separation
included. Figure 6.7 shows the change in spot size and the position of the focus for
different separations between the first and final focusing lenses, whilst figure 6.8 shows
the peak intensity on the same plot. The position of the gas cell’s inner and outer walls
are shown as dashed and solid lines respectively. Figure 6.8 shows that the intensity
drops off rapidly, with an average Rayleigh length of 260 pm and spot size of 9.3 pym. It
was decided to switch to xenon as the target gas. This was done for two reasons: the first
is that xenon is more easily ionised than argon, it has an ionisation potential of 12.13
eV compared to 15.76 eV for argon. The second is that at the lower harmonics, 40 - 60
nm where one would expect to generate using this setup, xenon is less absorbing than
argon, improving the SNR. Argon was initially chosen as it is much cheaper and due to
the higher ionisation potential provides a higher energy cutoff than xenon, however, as

no XUV was detected it made sense to change to xenon.

The following sections look at the analysis of using xenon as a target gas for HHG. This
was immediately successful with results showing a SNR of 100:1. A range of experiments
were carried out, firstly to make certain that the signal was as a result of HHG and then
to characterise the source itself. The following sections look at whether the signal was
HHG induced, the power and pressure dependance of the signal and how changing the
position of the focus can affect the signal. Accompanying the data are photographs
taken through the top viewing port during the experiments showing the purple plasma

of the ionised xenon gas.

6.2.1.1 Is it really HHG?

The simplest and most obvious test of HHG is whether or not a signal exists when no gas

is present in the cell. The background signal was 3 mV, which was attributed to laser
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Figure 6.7: Beam spot size w (colormap) through focus as a function of lens separation. The
lens separation is shown on the y-axis, the distance from the final focusing lens is
shown on x-axis. The position of the gas cell outer walls (solid line) and inner walls
(dashed lines) are also shown. A lens separation of 10 cm was used for the majority
of the experiments.
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Figure 6.8: Pulse intensity (colormap) through focus as a function of lens separation. The lens
separation is shown on the y-axis, the distance from the final focusing lens is shown
on the x-axis. The position of the gas cell outer walls (solid line) and inner walls
(dashed lines) are also shown.
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Figure 6.9: Plot of the XUV signal detected as a function of QWP angle in degrees. The max-
imum coincides with the QWP on axis to the laser polarisation producing a linear
polarisation of the beam. As the QWP is rotated the output laser polarisation
becomes more circular until it reaches a minimum with almost circular polarisation.

leakage through the filters. When gas was introduced to the cell the peak signal voltage,
based on focal position, cell pressure and input power was 360 mV. This maximum
varied over the course of the experiments from 140 mV to 370 mV, dependent on the
stability of the laser. This initial result shows that the signal is not due to the laser but

due to the interaction between the laser and the xenon gas.

A quarter waveplate (QWP) was also used to test whether the signal was caused by
HHG. HHG is greatly suppressed if the driving laser is circularly polarised. This is due
to the trajectory the ionised electron takes during acceleration. In a linearly polarised
field the electron can return to the parent ion, but in a circularly polarised beam the
electron does not. HHG can still occur if the wavefunction of the ionised part of the
full electron wavefunction can overlap with that still at the ion, however this is reduced
to near zero for a circularly polarised driving field. As the ellipticity is increased, the
overlap of these wavefunctions is reduced resulting in suppression of HHG. The results
of this experiment are shown in figure 6.9. The variation shows a sinusoidal dependence
on the QWP angle, ranging from a maximum of 147 mV to a minimum of 11 mV.
The signal does not reduce to the background or reach the absolute maximum, as such
the polarisation never becomes perfectly circular or remain perfectly linear when the
QWP is introduced into the beamline. The dependence on angle is strong evidence
that HHG is occurring, however, it is not definite proof, as one would expect a greater
dependence on the angle of the QWP. In addition to suppression of HHG, the ellipticity
of the driving field also affects the peak intensity and the tunnelling rate. The Keldysh

parameter discussed in Section 2.3.3 is less than, but close to one, meaning that whilst
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tunnelling ionisation dominates, multi-photon ionisation may still have an effect on the
total ionisation. The result is that both the intensity and ionisation [84] decrease with
increasing ellipticity, and so one would expect to see a change in the ionisation. This
is indeed observed, as shown in figure 6.10. The fluorescence within the xenon gas jet
for the linear (left) and circular (right) polarisations of driving field show a reduction in
brightness for the circularly polarised field. The laser power had reduced from 1.59 W
to 1.49 W by the end of the measurement. For both linear and circular cases the laser
power was the same and the focal position required for maximum signal did not change,

showing that any change was due to the change in polarisation.

The question remains, is the signal due to HHG or fluorescence? This is difficult to
answer with certainty until a spectrum of the generated XUV can be taken. The QWP
angle dependence gives more support to fluorescence than HHG, however, one must also
look at the filtering system. This consists of a single aluminium filter and an aluminium
coating on the photodiode. The reflectivity of aluminium across the visible spectrum is
very high, hence the reason it is used as a filter in these experiments. The main xenon
fluorescence lines are between 365 and 400 nm. At these wavelengths the transmission of
thin aluminium films is still very low. It has been shown that the transmission of a single
200 nm thick aluminium filter in this spectral region is between 6-9% [85]. Therefore the
transmission through two such filters is less than 0.1%. In addition to this, two filters
were used over the course of the experiments, a 200 nm filter and a 500 nm filter. The
transmission of the 500 nm filter is less than 0.1% [85], which should result in a large
decrease in the detected signal if fluorescence is the source. This was not the case, with
only a slight variation in signal observed, as one would expect if the signal is a result of
HHG. It should be noted here that this does not make HHG a certainty, merely the most
likely source, in my opinion. Characterisation of the source by focal position, pressure
and intensity dependence strengthens the case for HHG, which will be answered fully in

the future work planned.

6.2.1.2 Focal position dependence

Working on the basis that the signal was due to HHG, it was necessary to ascertain
how the XUV signal could be controlled, improved and studied. As was mentioned
in section 2.2 the successful build up of an XUV signal is due to phase-matching the
fundamental pump wavelength and the high-harmonics generated. A phase-matching
model based on the work by Balcou [50] was used to calculate the phase-matching for
the 21st harmonic of the fibre laser. It includes contributions from the Gouy phase and
atomic phase discussed in section 2.2. The model calculates the phase mismatch due
to both the Gouy phase using equation 2.35 and the atomic phase, equation 2.42 and
converts this using equation 2.22 into an overall coherence length at all points through

the focus. The hard cutoff surrounding the focus is the minimum intensity required



120 Chapter 6 High-harmonic generation using a fibre-based CPA laser

Figure 6.10: Photograph of the plasma generated by the pump-pulse at the focus for linear
polarisation (left) and circular polarisation (right). The difference between the two
plasma channels is due to the inability of circular polarised light to perform odd
number multi-photon ionisation, reducing the total ionisation

to generate the 21st harmonic using the fibre laser, calculated from equation 2.4. The
code to calculate the phase-matching was originally written by Dr W.S Brocklesby and
adapted by myself for this experiment. Figure 6.11 shows the phase-matching plot for
this HHG set up.

The calculation shows that the best phase-matching and hence longest coherence lengths
are positioned after the focus. The coherence length increases to a maxmimum of ~ 100
pm at ~ 260 pm from the focus. Positioning of the focus within the the gas cell is
critical to maximising the measurable signal produced by the HHG process. The focus
should be positioned such that the end of the outer wall should coincide with the furthest
point from the focus that HHG can still occur. In this case the focus should be around
one Rayleigh length prior to the outer wall so that the best phase-matching region is
just inside the gas cell. Such an arrangement has the benefit of maximising the amount
of XUV generated and minimising the absorption due to higher pressure gas. At the
exit of the cell the gas will become a jet with an associated zone of silence immediately
afterwards where the pressure is greatly reduced compared to the pressure within the
cell. This zone of silence is clearly visible in Figure 6.10. To test the theory the focus
was moved through the gas cell and the associated XUV signal was measured. The
results of this are shown in Figure 6.12 where the gas cell position is shown using the
dashed (inner walls) and solid (outer walls) lines. The agreement between the theory
and the experimental data is strong, showing little signal with the focus before or well

inside the gas cell followed by a steep increase in the signal as the focus reaches the back
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Figure 6.11: Plot of coherence length for the short trajectory of the 21st harmonic on the fi-
bre laser system. The colourbar shows the coherence length through the focus
calculated using phase mismatch contributions from the Gouy and atomic phases.
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Figure 6.12: Plot of the XUV signal detected as a function of focal position within the gas cell.
The gas cell position is shown using the solid (outer walls) and dashed (inner walls)
lines. The gas pressure is assumed to be constant between the outer walls and is
set at 8mbar.

end of the cell. It is important to note that the signal does not keep rising but begins to
reduce once the focus passes to within roughly one Rayleigh length of the outer wall as

the overlap between the generation medium and the phasematched region becomes less.

The gas cell position from this point onward was fixed at 63 mm, the point at which the

XUV signal detected was greatest.
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6.2.1.3 Pressure and power dependence

The pressure dependence of HHG was discussed briefly in Chapter 4 with regards to
the change in XUV spectrum with pressure. If the generation region is shorter than
both the coherence and absorption lengths the XUV signal measured by the photodiode
scales with the square of the pressure. The XUV field is dependant on the number of
coherent generation centres, i.e. the number of atoms. As such the field scales linearly
with pressure while the intensity scales quadratically. In section 6.2.1.2 it was shown
that the generation region is on the order of one Rayleigh length, or ~ 260 pum. For
xenon at 1 atm the attenuation coefficient at 40 nm given by the CXRO database is
5.56x1075. The attenuation length L, is the distance over which the intensity drops
by 1/e.

I = Ipexp[—B(w)k(w)z] (6.1)

= Pl Bk Lare (62
1

Laps = W (6.3)

This gives an attenuation length of 114 pm which scales linearly with pressure. At 100
mbar L., = 1.14 mm, almost four times the Rayleigh range where generation occurs
in this experiment, removing absorption within the gas cell as a major factor in these
experiments. The phase-matching varies with pressure due to the contribution of the gas
and free electron terms, and so one would expect to observe saturation of the signal as a
function of pressure at some point, as is also shown by Constant et al [86]. However, if
the signal is not due to HHG but rather the fluorescence discussed previously one would

not expect to see a saturation point.

The input power was set at 1.6 W for the duration of this measurement and did not
vary. The pressure was varied from 0 to 16 mbar in 1 mbar steps and the corresponding

XUV signal was recorded. This data is shown in Figure 6.13.

At low pressure where the free electron density is low the XUV signal increases as
expected, rising quadratically to a peak of 162 mV at 6 mbar after which the XUV
signal slowly reduces with increased pressure. As the pressure and so the number of
coherent emitters increases so does the XUV signal. This continues to a point where the
ionisation becomes significant enough to reduce the coherence length and thus saturate
the signal. The free electron phase mismatch is linearly dependant on the pressure
and so its contribution to the total phase mismatch is also linear with pressure. After
the free electron contribution becomes a limiting factor one would therefore expect
to see a linear decrease in the signal with pressure, as is shown in Figure 6.13. The
pressure dependence of the XUV signal for this experiment shows that for optimal XUV
generation the pressure should be set between 5 - 8 mbar. The following work in this

section looks at the variation of XUV signal as a function of power.
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Figure 6.13: Plot of the XUV signal detected as a function of gas cell pressure. There is a
rapid increase in the signal up to a pressure of ~ 8 mbar above which it linearly
decreases. The position of the maximum is a combination of the XUV absorption
and phase-matching conditions

In low order harmonic generation, i.e. second, third order harmonic generation, the
intensity of the harmonic scales with the fundamental by a power law. The scaling
follows an I¢ power law where q is the harmonic order. In HHG the system is more
complex and so a simple 79 power law cannot describe it. The intensity and hence power
dependence of HHG was examined in detail by L’Huillier et al in 1992 [87]. In that work
they looked at the amplitude response of individual harmonics up to the 21st, using
xenon as a target gas. They found within the perturbative regime, the low harmonic
orders, an [? dependence on the pump intensity, however, in the plateau regime the
power law remains fairly constant at about I°. What this implies is that a log-log plot
of input power vs XUV signal should be linear, with the gradient of the line around 5.
A pressure of 7.8 mbar was set for this experiment as this provided the greatest XUV
signal. Figure 6.14 is a log-log plot of the XUV signal as a function of power. The power

was varied from 0.85 W below which no signal was observed, to 1.53 W.

A linear fit of the data has been added to the figure as has the equation for the fitted line.
The data shows a linear dependence on the log-log plot and so follows a power law. The
XUV signal measured here follows an 1653 power law. This is higher than that observed
by L’Huillier et al, but is not unexpected. This signal is not an individual harmonic but a
sum of all the harmonics generated. In this experiment as the power and hence intensity
of the pump pulse increases so too will the cutoff energy of the HHG process. This will
act to shift the harmonic spectrum to higher energies and hence shorter wavelengths
where the absorption of both xenon and aluminium decreases. The increase in intensity

will also increase the ionisation fraction and thus change the phase-matching conditions
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Figure 6.14: Plot of the XUV signal detected as a function of pump laser power. The graph
shows a nonlinear dependence on the power which is expected for such a highly
nonlinear process. For an average power of less than 0.88 W the signal drops below
the noise, however a plateau is not reached at the upper level indicating that it

may be possible to increase the flux still further if the laser power can be increased.
The gradient of the linear fit is 6.63.

within the gas cell, providing another possibility for a larger power law dependence here.
Finally, by increasing the intensity one changes the effective volume within which HHG
can occur. As the power is increased the intensity in the wings of the beam will become
great enough to generate high-harmonics, thus increasing the harmonic yield further.
The XUV signal does not saturate with increased pump power, which one would expect
to see when the ionisation fraction becomes too large and the phase-matching is reduced.
As such the XUV signal can be increased by further improvements to the laser system

that increase the average power.

The experiments that have been described above provide the conditions for maximising
the XUV signal with the laser in its current state. Changes to the laser that increase
the average power and reduce the pulse length would lead to further improvement of the
XUV signal. In the near future it is also useful to look at methods of improving the XUV
signal without making changes to the laser system itself. The following section details
preliminary observations of a method to improve the XUV signal simply by twisting the

first focusing lens, resulting in a doubling of the XUV signal.

6.2.2 Improving the XUV signal

The observation discussed in the following section was made towards the end of the

experimental run that has been explained thus far in this chapter, as such it is only
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Figure 6.15: Photograph of the plasma generated by the pump-pulse at the focus for linear
polarisation (left) and circular polarisation (right). In this case the 50 cm focal
length lens has been slightly twisted resulting in a shift in the focal position. This
is clearly visible in the shape of the plasma channel observed coming out of the gas
cell, as only the lower half of the gas jet exiting the cell has been excited by the
pump-pulse.

preliminary and not well understood. It has been included because it is an interesting
result which may help to improve free space HHG geometries. The experimental set
up used here includes two focusing optics, 50 cm and 7.5 cm plano-convex lenses. The
50 cm lens is located outside the main chamber on a rail to enable scanning of the
focus through the gas cell. It was noticed that occasionally whilst moving the lens along
the rail the XUV signal detected would peak suddenly. After some investigation it was
realised that this peak was induced by slightly twisting the 50 cm lens. The rotation was
on the order of 5 - 10 degrees and resulted in a signal increase from 145 mV to 360 mV.
The power and pressure remained constant. This increase in signal could be induced for
any power, pressure or focal position combination, to different extents. To ensure that
this signal was still due to HHG a QWP was placed in the beamline and rotated between
linear and circular polarisations. The XUV signal changed accordingly and Figure 6.15
shows a photograph of the gas cell for the linear (left) and circular (right) polarisation

states.

The image of the jet exiting the gas cell is intriguing. It shows only half of the jet
structure, which is observable thanks to the fluorescence of the xenon gas. The change
in the fluorescence is similar to the normal case shown in Figure 6.10. For such an image
to be recorded the focus within the gas cell must be changed by the twisting of the lens.

Furthermore it implies that the only gas particles interacting with the laser are on the
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Figure 6.16: Diagram of supersonic jet structure. The low pressure zone of silence can be seen
immediately after the nozzle extending towards the Mach disk where the pressure
rises. Surrounding the zone of silence is the barrel shock, where the pressure is
similar to that of the Mach disk.

left hand side of the cell and thus contribute to that side of the jet only. The focal spot
size is on the order of 10 pum, 25 times smaller than the holes through which the beam
passes. The outer lens is not moved and so the longitudinal position of the focus should
not change. It is possible that rotating the lens causes the focus to shift laterally, which
is supported by observation. This may explain the change in the appearance of the gas
jet but not the increase of the signal. Absorption effects have been ruled out as the
attenuation length at 8 mbar exceeds 12 cm. This leaves only generation region and

phase-matching as possible causes of the increase in XUV signal.

A schematic of the jet structure is shown in Figure 6.16. The area immediately after the
exit is known as the zone of silence and has been mentioned previously. The gas pressure
in this region is very low compared to the gas cell due to the rapid expansion of the
jet into vacuum. This is the region that the laser and hence XUV beam passes through
under normal conditions. It is surrounded on both sides by a barrel shock region where
the gas pressure increases again as the gas slows and collides. These two barrel shock
regions meet at the Mach disc directly after the zone of silence. All of these features
can be seen in the normal jet structure shown in Figure 6.10. In this twisted lens case
only one side of the jet can be seen, namely the left hand barrel shock region. The gas
pressure profile that the fundamental and XUV beams will see is different to the normal
case. Instead of a region of high pressure (inside the cell) followed by a rapid decrease
(zone of silence) the pressure will remain high, as the pulse passes through the barrel
shock. This could effectively increase the length of the generation region, but such a
change does not explain why this effect was not observed with the focus placed within

the gas cell which has a similar pressure to the barrel shock region.

The increase in signal could also be due to a change in the phase-matching conditions
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brought about by a change in the focusing geometry. It is possible that all of the phase-
matching contributions have been affected by the lens twist. In an ideal set up the Gouy
phase is given by equation 2.35. However, the system is no longer on axis and thus the
contribution from the focusing geometry may be more complicated. The change in the
focusing geometry will also have an effect on the peak intensity of the pulse and hence
both the atomic and free electron contributions. Further experiments will be required
to fully understand what is the true cause of this signal increase and whether it can be

used as a general tool.

6.2.3 Calculating the XUV flux

The flux calculation carried out here is based on the highest signal measured thus far,
370 mV. The XUV spectrum has not been measured but is assumed to exist between 40
- 80 nm, due to the cutoff energy and aluminium transmission respectively. The XUV
field generated by each pulse is collected by the photodiode. Each photon generates
~2 electrons which are then collected within the capacitor, resulting in a voltage step
proportional to the number of photons incident on the photodiode per pulse. This
voltage step is then amplified and fed into an oscilloscope where the signal is averaged
to reduce random noise fluctuations. The signal, S, measured by the photodiode and
voltage amplifier combined and connected to a 50 2 load, was given by the amplifier
manufacturer as

q
=1 4
5= Coer - 1600 (64)

where ¢ is the total charge collected by the photodiode capacitor and Cy is the ca-
pacitance of the photodiode, 2 nF. The largest signal measured was S = 370 mW. The

number of electrons generated per pulse can be calculated by rearranging equation 6.4.

CdetS
4600

where 1.6x10' converts the charge ¢ to number of electrons. This gives 2.58x10° elec-

1.6 x 10" (6.5)

no. electrons =

trons per pulse, which corresponds to 1.29x10° photons per pulse. The repetition rate

010 phs—1.

of the laser is 16.67 kHz and so the number of photons per second is 2.15x1
This is the number of photons that are detected every second by the photodiode but as
before does not represent the total number of photons generated. Transmission through
the aluminium filter for 50 nm radiation is ~ 10%, whilst transmission through the 150
nm aluminium coating of the photodiode is 70%. An aluminium oxide layer will exist
on the coating. A conservative thickness of 10 nm corresponds to a transmission of 40%
at 50 nm. The resulting total transmission through the filters is 2.8%. In addition to
this the XUV must travel through 8 cm of background xenon which for a cell pressure
of 8 mbar was 0.1 mbar. Transmission through this is 70% giving a total transmission

of 1.96%. When this is factored in the XUV flux generated at the gas cell is given
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as 1.1x10™ phs~!. This is comparable to the maximum flux generated by the 4.5 cm
capillary described in Chapter 5, which was calculated as 1.54x10'? phs~! and greater
than that by produced by other fibre laser systems [88,89]

Of the two generation methods both have merits. The Ti:Sapphire and capillary based
system has a much higher cutoff and so can generate shorter wavelengths. If one wants
to achieve water window wavelengths, 2 - 5 nm, in the near future the bulk system must
be used, however, the fibre laser has shown that having a increased repetition rate can
counter some of the drawbacks of lower energy and longer pulses. In fact, when run
at its current maximum repetition rate of 33.3 kHz it can double the maximum flux to
2.2x10'? phs~!, above that of the Ti:Sapphire laser.

6.3 Conclusions and future work

Moving away from work on capillary based HHG this chapter has explored the possi-
bilities of HHG, using a fibre laser and the high average powers they run at as a means
to increase the XUV flux. To that end a custom built high-harmonic generation and
detection system was constructed. A gas cell was chosen as the generation geometry
due to the small space within which to work and the ability to maintain low background
pressure. A short 7.5 cm focal length lens was used to focus the 1055 nm, 380 fs, 99
ud pulses into the centre of the gas cell. In addition to this a second lens was placed
outside the chamber on a rail to allow control over the focal position within the chamber
whilst under vacuum. An aluminium coated XUV photodiode was mounted within the
chamber inside a light tight mount using a 200 nm aluminium filter, to separate the
fundamental pump pulse from the generated XUV. The photodiode was connected via

a voltage preamp to a digital oscilloscope with averaging functionality.

Initial experiments with argon showed no XUV signal although the laser was sufficiently
intense to create a small amount of ionisation. The argon was replaced by xenon. This
has a lower ionisation potential making HHG possible at lower intensities, but also
reduces the cutoff energy. The harmonic spectrum generated using xenon could not

extend below 40 nm; however, the absorption at longer wavelengths is reduced.

Using xenon as a target gas a signal was observed. A QWP was placed in the beam
to switch the linearly polarised beam to circularly polarised. The signal reduced as
the ellipticity of the driving field was increased however the dependence on angle was
more in line with xenon fluorescence than HHG. This lead to a discussion of the filtering
system and the conclusion that the aluminium filters should block the xenon fluorescence,
although this is not a certainty. The dependence of the signal on focal position, gas
pressure and power was explored. It was found that the signal peaked when the focus was

placed a Rayleigh length within the final wall of the cell, a fact which was corroborated by
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phase-matching calculations. The pressure dependence was shown to be quadratic until
a saturation point was reached, a feature that would not be expected for fluorescence,
lending strength to the HHG argument. The saturation point can be explained by an
increase in the phase-matching contribution from the free electrons in the HHG case.
The power dependence was observed to follow the expected power law dependence first
examined by L’Huillier et al with an increase in the power law dependence as the signal
is a measure of the total harmonic spectrum. Further work showed that a change in
the focusing conditions brought about by twisting the external lens led to a doubling of
the signal, which is still not well understood. Flux calculations of the maximum signal
obtained thus far showed an XUV flux of 1.1x10'? phs~! which can be extended easily
to 2.2x10'2 phs~! by increasing the repetition rate of the laser.

Future work with this system will aim to measure the spectrum of the generated XUV,
which is still required to fully characterise the signal as XUV, and continue the research
in improving the flux. To that end phase shaping of the driving pulse using the XUV
signal as feedback is planned, as is continuation of the twisted lens research. Finally
improvement of the fibre laser itself will allow the use of argon and open the system up

to higher cutoff energies.






Chapter 7

Conclusions

The work carried out in this report began in chapter 3 with the manufacture and use of
a 7 cm hollow capillary waveguide. The methods used to cleave and polish the capillary
ends were described followed by drilling of the gas inlets using the main beamline of
the laser. The approach to efficient coupling into the capillary at low power (10 mW)
was described including the beam shape to expect at the output. The finished product
was a 7 cm long capillary with an outer diameter of 1.6 mm and a core diameter of
150 pum. Gas inlets were placed 2 cm from either end. Once a working capillary had
been constructed the output mode structure immediately became of interest. Extensive
spectral broadening was observed within the capillary, visible due to lossy higher order
modes, and in the output mode structure which consisted of concentric circles of dif-
ferent colours. This output led to the second part of the chapter where the MM-NLSE
propagation model developed by Dr Peter Horak was compared against experimental
data both as a test of the model and to understand the processes affecting the pump

pulse.

In section 3.2 comparisons were drawn between the theoretical and experimental total
output spectra which lead to the discovery of the large part nonlinear mode coupling
plays within the propagation. This was further investigated in section 3.2.3 where a
novel method to spatially resolve the entire output spectrum was used. The initial
comparison showed a strong agreement and proved that the blue shifted part of the
spectrum has a large contribution in higher order modes. It was also noted that the
total nonlinearity of the model was less than that of the experiment. The cause of
this was discovered to be nonlinear propagation prior to the capillary which the model
did not take into account. Using the real measured pulse as the input to the model
produced a new spatio-spectral output whose comparison to the experimental data was
much better. As a result all further theoretical modelling used the measured field as
the input. To ensure the model was accurately predicting the propagation of the pump
pulse along the entire length of the capillary and not simply at the exit, an experiment

was devised to compare the integrated ionisation along the capillary length. The argon
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ion fluorescence along the capillary length was imaged and compared to the theoretical
integrated radial ionisation profile predicted using the model. Agreement between the
two was very good accepting that the model assumes a perfect waveguide and does not

include losses due to imperfections in the capillary or at the gas inlets.

Chapter 4 focused on two aspects, the temporal evolution of the pump pulse within the
capillary and the HHG process and resulting XUV spectra. In section 4.1.2 the output
pulse from the capillary was measured for a number of input powers and gas pressures.
A comparison of this data to the theoretically predicted output pulse showed major dif-
ferences. The differences were caused due to errors in both data sets. The experimental
pulse had a significant positive chirp due to propagation through neutral density filters
and the optical components within the FROG measuring device. Removing this chirp
changed the temporal shape from a three peak structure to a single 28 fs pulse. The
model was also enhanced by using the pulse’s real spatial input at the beginning instead
of a perfect Gaussian distribution. This changed the nonlinear mode mixing during the
propagation and led to the prediction of a 28 fs output pulse. The agreement between
the two new data sets was excellent, and in addition to that showed a pulse self com-
pression from 53 fs to 28 fs. It was also noted that by applying a further 150 fs? of
negative chirp the output pulse could be reduced to 15 fs, a factor of 4.5 reduction in
pulse length. Finally the theory was used to show that at the exit of the capillary the
pulse length was in fact sub 10 fs.

The XUV spectrum was measured for an input power of 805 mW over a range of gas
pressures. The spectrum was observed to clean up as the pressure was increased. At low
pressures (50 - 100 mbar) the XUV spectrum was complicated. A harmonic structure
could be seen however some of the harmonics were made of two smaller peaks and each
harmonic was quite broad. As the pressure was increased the harmonic structure became
more ordered until at 170 mbar and above the XUV spectrum consisted of a set of sharp
well defined spikes. To understand this process a generation and transmission profile of
the capillary was created. This used the transmission of argon over the 18 - 40 nm range
coupled with the known pressure profile within the capillary to calculate the absorption
limited area within the capillary where HHG could occur and the subsequent XUV be
transmitted. It was shown that as the pressure was increased this region was reduced
in length. Due to the change in pulse shape during propagation within the capillary
different harmonic spectra are generated at different points. At low pressures more
of these are summed together, thus creating a more complicated total spectrum. At
higher pressures fewer different spectra can be summed producing a simple well defined

spectrum.

In Chapter 5 a new capillary was designed and manufactured to replace the original
7 cm capillary. The design changes were made with two aims in mind; To maximise
the ionisation peak at the capillary exit and to change the pressure profile so that the

transmission overlapped well with the ionisation peak. This led to a new 4.5 cm capillary
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with gas inlets 5 and 3 mm from the front and back of the capillary respectively. Based
on the transmission calculations for the new capillary it was expected to outperform the
old and boast a greater in-situ pulse compression. The XUV flux from both capillaries
was measured using an Andor X-ray CCD camera at 50, 100, 150 and 200 mbar. The
results showed an increase in flux ranging from 30 to 100 times depending on the gas
pressure. The XUV spectrum of the new capillary was measured and using this the

maximum flux of the new capillary was calculated as 0.58x10'? ph harm's~.

The final chapter moved away from capillary based HHG and explored the possibility of
using a high repetition rate CPA based fibre laser to produce a high flux XUV source. To
that end a custom built high harmonic generation and detection system was constructed.
A gas cell was chosen as the generation geometry due to the small space within which
to work and the ability to maintain low background pressure. The fibre laser runs at a
repetition rate of 16.67 kHz, with a pulse length of 380 fs at 1055 nm and a pulse energy
of 99 puJ. The detector was an XUV photodiode coated with 150 nm of aluminium
to act as a second filter. This reduced the total absorption improving the SNR. The
photodiode and filters were held in a custom built, light tight mount situated 5 cm from
the gas cell. An XUV signal was detected using xenon as the target gas. Xenon was
chosen due to its lower ionisation potential, increasing the likelihood of HHG. The XUV
signal strength was measured as a function of QWP angle, gas pressure, input power
and focal position to characterise the source and determine its maximum flux. This was

calculated as being 1.1x10'? phs~1.

The spectrum could not be measured at the time
due to space limitations and so the per harmonic flux is not known at this point. If
the fibre laser is run at its current maximum capacity of 99 pJ at 33.3 kHz then it is

possible to double the flux to 2.2x10'2 phs~!, greater than that of the 4.5 cm capillary.

Future development of both the Ti:Sapphire based system and the CPA fibre laser sys-
tem could take the form of capillary based HHG. Looking to the future of the Ti:Sapphire
laser system first, the 4.5 cm capillary represents an excellent step forward in the devel-
opment process, however, the work from Chapter 5 suggests that the capillary could be
shortened by 3 - 5 mm to produce a better overlap between transmission and ionisation
peaks. The pump pulse has been used shown here with a maximum energy of 947 uJ
however the laser has the capability of producing 3 mJ pulse energies. This will allow
neon to replace argon as the target gas and push the cutoff energy closer to the water

window.

The fibre laser based system has one current weakness, the pulse length. This problem
may be solved by the use of a xenon filled short hollow core capillary for pulse compres-
sion and HHG. Xenon is ten times more nonlinear and easier to ionise than argon and
so the lower intensity pulses may be able to self-compress. This work will be studied
theoretically at first using the MM-NLSE propagation model. This should enable the

flux and energy of both systems to be improved over the next couple of years.
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To summarise, two different systems for a high flux XUV source were developed during
the course of the work discussed in this thesis. A capillary based XUV source was
tested against a MM-NLSE propagation model and improved to generate over an order
of magnitude more flux than previous versions. In addition to that, the short hollow
core capillaries were shown to be useful for high intensity pulse compression in a small
area, opening a possible alternative to long hollow fibre compression techniques. Finally
a CPA based fibre laser designed and built at the ORC was used to generate XUV from
xenon. The maximum flux measured from both of these sources exceeded 10'2 phs—!
putting them amongst the highest flux HHG sources in the world. Further work and
development should improve both of these systems, giving the ORC at Southampton

two useable high flux coherent XUV sources.
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The following are the FROG measurements in the time (left) and frequency (right)
domains of the output pulse from the capillary for a range of pressures and powers. The

data is shown as a power run at each pressure, 50, 80, 100, 130 150 and 200 mbar.
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Figure A.1: FROG measurements of output pulse for a range of powers at 50 mbar
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Figure A.2: FROG measurements of output pulse for a range of powers at 80 mbar
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Figure A.3: FROG measurements of output pulse for a range of powers at 100 mbar
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Figure A.4: FROG measurements of output pulse for a range of powers at 130 mbar
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Figure A.5: FROG measurements of output pulse for a range of powers at 150 mbar
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Figure A.6: FROG measurements of output pulse for a range of powers at 200 mbar
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The following sets of images contain the full set of spectra recorded during the work
discussed in Chapter 4. The gas pressure was varied from 50 mbar to 240 mbar, all
data is shown on a log scale and which is scaled to the maximum of the data set. The

experimental setup used is shown below.
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Soft X ray detector, design approach

For Jonathan Price at ORC, Southampton 29 January 2011

The simplest approach would be to couple the detector into a 50R load. With 2 nF
detector, this would roll off the high frequencies with a 100 nS time constant -
equivalent to 1.6 MHz. The noise current contribution of the 50R would be very high -
about 18 pA per root Hz. Equivalent to shot noise of a massive 1 mA average detector
current.

The approach of using the detector capacitance to “remember” the charge from the
detector, holds the most promise. The repeating component of the waveform can only
contain fundamental and harmonics of the repetition rate.

Each time the soft Xray signal is detected, a packet of charge g will be delivered to the
detector, with capacitance C_det. This will cause a voltage step v = ¢/C_det. For a JFET
amplifier, this is a low impedance source at the frequencies we require, so we need to
minimise voltage noise.

+bias H
1MO 1MO0
—L 11—
-+ |;| 50R
x100 x100 |
10n fetifp + filter I|—|:
Detector >\ - 22n
2nF N 50R or 1MO

The circuit above shows the general arrangement. The servo adjusts to the d.c. offset at
the output of the fet/transistor input amplifier - setting up the gate-source voltage for
approximately OV at the output. It reaches a steady state when the steady current into
the detector node balances the average input current (approx. g x repetition frequency).
When it has settled - after a few cycles - this results in a sawtooth voltage with a fast
step, when q arrives, followed by a linear ramp to the beginning of the next fast step.

Noise: Note that the detector current isn't very amenable to noise analysis! Most of the
time there is no current flow so no shot noise. L.F. noise comes from the 1MO resistors.
As frequency is increased, the decreasing detector reactance shunts this until it is
reduced below the voltage noise of the following amplifier.

Looking at this more closely:
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Noise current of two x 1MO will be 179 fA/root(Hz).

Noise voltage of preamp is about 800pV/root(Hz).

Ratio is reactance at change-over frequency = 4K5. With 2 nF this occurs at about 18
kHz.

With smaller capacitance detector this frequency will be higher in inverse proportion. A
high-pass filter is needed to remove this L.F noise.

Preamp requirements:

1) Pulse-by-pulse operation, where it is possible to see the amplitude of each pulse. The
signal needs to have rise-time fast enough to trigger an oscilloscope and recovery time
short enough to have minimal effect on the next pulse. Faster rise-time means more
bandwidth and therefore noise.

2) Averaging oscilloscope, or spectrum analyser operation. Here, most of the energy is
close to the repetition rate. The detector capacitance always appears in any attempt to
calibrate sensitivity.

To summarize: Charge from the detector is integrated by the detector capacitance,
converting it from an impulse to a step. A steady current from the servo ramps the
voltage back in time for the next step, producing a sawtooth waveform. Subsequent
amplification and filtering is aimed at converting this to an output pulse proportional to
the step height, whilst ignoring the steady ramping of the sawtooth. The output is a
pulse which is shorter than the repetition period, so pulses don't run into one another.

Waveforms:

Above shows spice response to pulses starting after 30 ps. By 200 ps it has established
a steady baseline at 5 mV (This 5 mV is spice-modelled input offset voltage of servo
amplifier).
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After high and low pass filtering. 10 to 90% risetime is about 200 ns. Half height width
is 1.4 us. Note that after 2 or 3 pulses, it has established a baseline. The steady (-50 mV
due to op-amp offset) won't pass through the final d.c. blocking capacitor.
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The following shows the waveform difference into 1MO0 and 50R loads. With 1MO load
one high-pass pole is moved to a much lower frequency. Also the output is double when
it is not loaded by the 50R load.
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T T T T T T T T T T T
0.0 10.000u 20.000u 30.000u 40.000u 50.000u 60.000u 70.000u 80.000u 90.000u 100.000u
Time

Graph above is output into 1MO0. Below into 50R.

The following graph shows frequency response when driven by 10 mVrms = - 40 dB(V)
in series with the detector. The Y-axis is dB relative to 1Vrms. So -40 to nearly +40 dB
is just under 10,000:
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40.000-
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The curves are before and after the output blocking capacitor. So double the output

L L | S S S A

/ 100. 060k

seen, if a 50R load is attached.

When driving a 1MO scope input, both curves have the wider LF bandwidth. The -3 dB
points above are: 66 kHz, 110 kHz and 2.0 MHz. This needs some explanation for

lower rep rates:
The aim is to pass on the trigger edge, and maintain a good S/N ratio. This is

accomplished for lower rep rates. It maintains the same rise-time and pulse shape, but

1.000M \ 10.000M

because this is a shorter duty cycle, the rep rate component becomes less.
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High and low pass filter sections and x100 amplifier:
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14 |

The amplifier above follows the low voltage noise input stage. That stage has input
noise of less than 1 nV/~ with gain approaching 100. Noise output will be just under
100 nV/~. The op-amp above is a "fast-fet" type with typically 11 nV/~. Although the
data sheet claims 80 MHz at unity gain, this does not translate to a gain-bandwidth
figure. With feedback for a gain of ten, the bandwidth is about 4 MHz.

Input stage is a simple x10 gain block, with gain 1 + R13/R12

C8 and R14 form a single pole high-pass at 72 kHz

R15/16 and C9/10 define a 2nd order low-pass at around 2 MHz.

R17/18 define second stage gain, as before.

C11 increases h.f. gain near the cut-off frequency, for close to critical damping (Bessel).

C12 acts with the 50R output resistor and matched 50R load. Together they have a 2.2
us TC, which is the same as C8 and R14. Using a 2 pole high-pass causes undershoot
after the pulse. It seemed useful to offer the choice, as explained with waveforms on the
previous page.

Overall gain of the above op-amp stages is therefore x100 into a high impedance, or x50
into 50R.

Overall gain of the whole detector, preamplifier and fillter is g/C(det) x 9200 into high
impedance, or g/C(det) x 4600 into 50R.

Example 1 pC and 2 nF gives 2.3 V into 50R. Note that this is the amplitude of the fast
trigger edge excursion which has about 160 ns rise-time. Noise levels seen during
testing, should allow operation down to around 10 fC.
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D.1 Optics Express paper based on the work from
Chapter 3

M odal effects on pump-pulse propagation in an

Ar-filled capillary

Richard T. Chapman,! Thomas J. Butcher,? Peter Horak,>" Francesco Poletti,? Jeremy

G. Frey,t and William S. Brocklesby?
1 School of Chemistry, University of Southampton, Southampton SO17 1BJ, United Kingdom

2 Optoel ectronics Research Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom

* peh@orc.soton.ac.uk

Abstract: Accurate three-dimensional modelling of nonlinear pulse
propagation within a gas-filled capillary is essential for understanding and
improving the XUV yield in high harmonic generation. We introduce both a
new model based on a multimode generalized nonlinear Schrddinger
equation and a novel spatio-spectral measurement technique to which the
model can be compared. The theory shows excellent agreement with the
measured output spectrum and the spatio-spectral measurement reveals that
the model correctly predicts higher order mode contributions to spectral
broadening of the pulse. Fluorescence from the excited argon is used to
verify the predicted ion distribution along the capillary.

©2010 Optical Society of America
OCI S codes: (190.7110) Ultrafast nonlinear optics; (080.1510) Propagation methods;
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1. Introduction

High-power ultrashort laser pulses at near-infrared wavelengths propagating in gas-filled
capillaries can form a compact source of extreme ultraviolet (XUV) and soft X-ray radiation
by high-harmonic generation (HHG) [1]. Maximisation of the frequency conversion efficiency
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requires a detailed understanding of the radiation-atom interaction mechanism as well as the
propagation properties of both the near-infrared pump in the presence of a partialy ionized
gas, and of the generated XUV. Previous theoretical studies of capillary-based HHG by
Christov et a. [2] have used numerical solutions of the 3-dimensional version of the scalar
wave equation. This work focused on understanding atosecond pulse generation [3] and quasi
phasematching within waveguides [4]. Experimentally measurable predictions of these
theories have typically centred on the temporal profile of the pump and the harmonics
generated. In this work, we focus on understanding the spectral and spatial distribution of the
pump. We introduce a numerical model of pump pulse propagation based on a multimode
generalized nonlinear Schrédinger equation. This model is verified firstly by simple
measurement of the total output spectrum, a commonly used procedure [5, 6] which only tests
the summation over all modes. More stringent testing of the model is then demonstrated by
measuring the spatio-spectral distribution of the output power in the far field, and by
measuring the evolution of the ionization along the capillary length. Both of these are much
more sensitive to nonlinear mode coupling than the summed spectral output.

2. Experimental configuration

The experimental setup isshown in Fig. 1. A 40 fslaser pulse centred at 790 nm, with a1 kHz
repetition rate, was coupled into a 70 mm long hollow capillary with internal diameter 150 pm
using a 0.5 m plano-convex lens. The ratio of beam spot size, w, to capillary radius, a, was
0.64, giving optimum coupling into the lowest order, EH4;, mode [7]. The input pulse energy
was varied between 378 and 840 pJ (corresponding to an intensity range of 2.8-6.3 x10*
Wem) by inserting reflective neutral density filters into the beam.

The central region of the capillary was filled with argon gas viaa pair of 300 um holes drilled
20 mm from either end of the 70 mm long capillary. Argon gas at pressures up to 200 mbar
could be introduced into the system from a pressure-regulated supply. The capillary was
mounted within a vacuum chamber kept at ~ 10 mbar. The overall gas pressure profile was
calculated using computational fluid dynamics and can be approximated by a central 30 mm
flat region with linear pressure gradients in the 20 mm regions at each end of the capillary.

Fig. 1. Schematic for measuring the spatio-spectral output and argon ion fluorescence from a
capillary running in aHHG regime.

The capillary output is a combination of the pump laser pulse and the generated XUV. The
pump laser pulse was reflected out of the vacuum chamber into a fibre-coupled spectrometer
mounted on a trangation stage. The 125-um diameter fibre end was placed at the centre of the
beam and translated radially outwards across the whole beam profile. The argon ion
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fluorescence was imaged using the setup shown in Fig. 1, consisting of a 35 mm focal length
lens imaging the capillary from the side onto a CCD. A high pass and bandpass filter were
used to single out the 488 nm emission line that is emitted by singly ionised argon [8].

3. Numerical model

For the accurate theoretical description of the pump pulse propagation we developed a
numerical model based on a multimode generalized nonlinear Schrédinger equation [9] which
we extended to include ionization and plasma effects [5]. To this end, the electric field of the
laser pulseis written as a sum over modal contributions

2
where Z, =/, /&, , F,(r) isthe transverse mode function of the EH,, mode of the

A 2Z .
E(r,zt) = Y2 Z% F.(NA (zt)em ) 4 cc. Q)

capillary [10] normalized to err|Fn(r)|2 =1, and A, is the pulse envelope such that the

modal power is given by |An|2 / (27[) in units of Watt, and the temporal dependence of the

carrier wave has been factored out. Note that in writing Eq. (1) we have restricted the analysis
to circularly symmetric modes only, assuming a symmetric pump laser mode and preferential
coupling between modes of the same symmetry [9, 11].The modal evolution of the pulse
along the capillary is then given by

A, iD, +in,(2)ks D QuimAA A +i—2kojrdan(r)S(r,z,t)nf)I (r,zt)
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Here, S=ZFHA1, D, describes modal dispersion and losses, including high-order
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—%J'rdan(r)S(r,z,t)

dispersion, and the subsequent terms model the gas nonlinearity, plasma refractive index, and
ionization losses of the pump, respectively. In Eq. (2), nz(z) is the nonlinearity of the

neutral Ar gas as a function of the local pressure, k0 is the propagation constant at the pump

frequency, Q. m = Irdr F,F.FF, ae the mode overlap integrals, N, is the refractive

index of the local plasma density resulting from ionization of the neutral gas by the
propagating pulse, p, and W are the neutral gas density and ionization rate, respectively,

and U is the ionization potential [5, 9].The ionization rate W is calculated using the
Keldysh theory [12].For the results presented in this work, the set of equations (2) was solved
by a Fourier split-step method for typically 20 modes, which we found sufficient for an
accurate description of our experimental parameters. We emphasize that this model is capable
of describing the full temporal dynamics of the propagating light in three dimensions,
including modal effects such as group velocity mismatch. Therefore, as will be discussed in
the following sections, the model alows us to investigate detailed spatial and spectral
correlations, beyond what was possible with a simpler, earlier model [8].

4. Comparison of experimental resultswith numerical model

The predicted and measured total output spectra for three different input powers are shown in
figure 2. The theoretical and experimental spectra show excellent agreement with not only the
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degree of blue shifting observed, but also the complex spectral shapes that occur at higher
powers. We believe this is the first evidence that the blue-shifted shoulder of the spectrum is
primarily located in higher order modes.
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Fig. 2. Predicted (a) and experimental (b) output spectra measured for three input powers,
shown. The predicted data shows the total spectrum (solid), as well as those for the EHy;
(dashed) and EH;, (dot dashed) modes. At each laser power, the summed spectral intensity of
the modes is normalised to a peak level of 1, asisthe experimental data

Figure 2 shows that at lower powers the EH;; mode dominates the spectrum as nonlinear
mode coupling is small. The model aso predicts a walk-off between the modes, this is
calculated to be 8 fs between the EH,; and the EH;, modes along the 7 cm of the capillary. As
the power is increased, more energy is coupled into the EH;, and other higher modes. The
theoretical model indicates that nonlinear mode coupling is greater at the trailing edge of the
pulse due to plasma defocusing, which leads to the observed blue shifted spectrain the higher
order modes. Experimentaly, the modal distribution cannot be directly determined from a
summed spectrum of the kind shown in figure 2, although the agreement between theory and
experiment allows usto infer that the modal distribution is correct.

In order to test whether the model correctly predicts the distribution of intensity in high order
modes, we make use of the fact that as the modes propagate into the far field their spatial
divergence is strongly dependent on their order, with higher order modes showing
significantly greater angular spread. This means that the radial distribution of the spectral
intensities has contributions from different modes at different radii (although the modes are
not completely separated). Thus the spatio-spectral intensity distribution in the far field is very
sensitive to any variation in the intensities of individual modes, and its measurement can
provide a sensitive test of the ability of the numerical model to correctly predict the modal
distribution.

Figure 3 shows the calculated (a) and measured (b) spectral intensity distribution as a function
of radial distance from the beam axis. The theoretical intensity profiles of the EHy; and EH»
modes are shown for comparison. It is clear from both theoretical and experimental
distributions that the differencesin the intensity distributions of the modes are large. The EHy;
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mode has significant contributions at around 790 and 810 nm, and the blue-shifted
components at about 740 nm show the same radia profile as the EH;, mode, with an on-axis
peak, and another ~8 mm from the axis. This distribution is clear in the theoretically modelled
intensity distribution. In the measured distributions, the general features of the pattern are
repeated. The EH,; mode appears at 780 and 810 nm, and the blue-shifted peak at 760 nm has
the radially narrower distribution of the EH;, mode. However, severa differences are clear.
The first is that more extensive off-axis blue shifting is seen in the experimental data,
implying greater broadening in the higher order modes than was predicted. Secondly, an extra
peak can be seen close to the centre of the beam at ~800 nm in the experimental data. The
shape of the EH4; peaks around 790-810 nm look similar to the spectral distortion caused by
SPM, which produces first a splitting, and then a central peak, rising between the split peaks
as the nonlinear phase shift increases. Both of these differences suggest that the nonlinear
shifting of the spectrum is dlightly stronger in the experiment than predicted by theory.

Fig. 3. Predicted (a) and experimental (b) spectral intensity plots in the lambda-r-plane. The
solid and dashed white lines show the far-field profiles of the EHi; and EHj;, modes
respectively.

While spectral measurements at the capillary exit are a good test of the end point of the
model, measurement of the Ar ion fluorescence aong the length of the capillary provides a
test of the model along the whole propagation length. Experimentally, the fluorescence,
produced by excited Ar ions created by the pump pulse, is filtered and imaged from the side.
The integrated fluorescence from each point along the capillary length can be compared
directly to the ionisation levels predicted by the propagation model.

The integrated argon ion fluorescence and the theoretical integrated ionisation are compared
in figure 4. The measured 488 nm argon ion fluorescence should be proportional to the
calculated ionisation level within the capillary. The beat positions for the EHy; and EHy,
modes calculated for linear propagation are shown as vertical dashed lines; as expected, both
experimental and calculated beat positions are clearly shifted from these positions by the
effects of nonlinear propagation. The initial increase in ionisation at the capillary entrance is
observed in both theory and experiment and the first two major peaks appear at approximately
the same positions within the capillary. The smaller structures within these major peaks do not
correlate.
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Fig. 4. Comparison of the summed radial ionisation (a) and the imaged argon ion fluorescence
(b) along the length of the capillary. The vertical dashed lines show the beat positions for linear
mode beating between the EH;; and EH;, modes.

The final major peak predicted by the numerical model is observed at the same point in the
capillary but is significantly smaller in length and size. The discrepancy may be due to losses
at the gas inlets within the capillary wall. These have been observed as increased scattering
during experiments and are not included within the numerical model.

Conclusion

In this paper we have introduced a new method for numerically modelling nonlinear
propagation within a capillary used for HHG. We have compared this model to the spectral
output of the capillary and observed strong correlation. The model predicts the modal
variation of the pulse shape, and the spatio-spectral measurement technique allows detailed
comparison of not just the integrated spectrum, but also the individual modal contributions,
because of the differences in the far-field mode patterns, validating the model and the
coupling terms chosen. Understanding the modal distribution will alow modelling of XUV
phase matching in the presence of nonlinear mode mixing, which is important for XUV
generation at high intensities. It will also alow better understanding of the spatial profiles of
the compressed pump pulses predicted by the model, providing aroute to their exploitation.
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D.2 CLEO Europe posters based on work from
Chapters 4 and 5

The following pages show the Abstracts and scaled down posters that were presented at
CLEO Europe, May 2011. The work is based on chapters 4 and 5 and covers the pulse

self-compression and new capillary design respectively.
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High intensity pulse self-compression in short hollow core capillaries

Thomas J. Butcher?, Patrick N. Anderson?, Peter Horak, Jeremy G. Frey?, William S. Brocklesby*
1. Optoelectronics Research Centre, University of Southampton, Highfield, Southampton, SO171BJ, UK
2. School of Chemistry, University of Southampton, Highfield, Southampton, SO171BJ, UK

The drive for shorter pulses for use in techniques such as high harmonic generation and laser wakefield
acceleration requires continual improvement in post-laser pulse compression techniques. The two most
commonly used methods of pulse compression for high intensity pulses are hollow capillary compression via
self-phase modulation (SPM) [1] and the more recently developed filamentation [2]. Both of these methods can
require propagation distances of 1-3 m to achieve spectral broadening and compression. Additionally, hollow
capillary compression requires post compression of the broadened pulse by chirped mirrors. Filamentation trades
the efficiency of hollow capillary compression (67%) for ionisation-induced pulse self-compression. A mixture
of SPM and plasma generation increases the spectral bandwidth of the pulse; however this occurs only in a small
region at the centre of the beam. Spatial filtering is required to achieve the shortest pulses, reducing the
efficiency to 20%. Although the majority of hollow core capillary compression requires long propagation
distances, compression in short capillaries [3] with significant plasma generation has been demonstrated to be a
promising technique.

Here we present pulse self-compression in a 7 cm hollow core capillary with a reduction in pulse length from
53 fs to 16 fs shown in figure 1. The efficiency of this process (37%) is greater than that of filamentation, whilst
maintaining the benefits of pulse self-compression, removing the need for post-capillary compression.
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Fig. 1 Comparison of the temporal (a) and spectral (b) distributions of the pulse prior to (dashed) and following
(solid) compression within the capillary. The output pulse has a FWHM of 16fs compared to 53fs for the input pulse.

A 53 fs, 600 pJ pulse centred at 790 nm was coupled into a 7 cm hollow core capillary with a core radius
of 75 um. Argon gas was injected into the capillary through two holes drilled 2 cm from either end Typical
pressures were between 50 and 200 mbar. The time profile of the measured 16 fs output pulse and its
corresponding spectrum are shown in figure 1 in comparison with the input pulse. Propagation of the pulse is
modelled using a multimode nonlinear Schrédinger equation, including the effects of ionization. The observed
spectral broadening due to both SPM and plasma generation matches that predicted by the model. The measured
efficiency of this process is 37%.

We have observed similar spectral and temporal changes in capillaries as short as 4.5cm, with scaleable
pressures and powers. Unlike both filamentation and traditional hollow capillary compression the propagation
distance required for significant spectral broadening is small, reducing the bench space required. In addition the
self-compression of the pulse can save both space and money by removing the need for post compression. Thus
we have produced an efficient and compact alternative for compressing high intensity pulses.
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High intensity pulse self-
compression in short hollow core

capillaries
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Experimental work Theoretical work
« We have / shown pulse self: ion within a 7 cm capillary from 53 fs to 27 fs without « We have developed a three di ional nonlinear ion model for pump-pul ion within hollow
i i and pression to 16 fs with. core capillaries [1].

The nonlinearity observed generates a spectrum that can support sub 10 fs pulses, however these very short The model s based on a multimode nonlinear Schrédinger equation, shown below.
pulses have not yet been observed in the far field due to divergence of the beam. More on this at the bottom of

the page!

‘We have previously tested the model against experimental output spectra using a novel spatio-spectral
measurement technique [2].

We hope to use this technique and our model to develop a new, more compact high energy pulse compressor.

The model has undergone improvements and now uses a real input pulse and beam wavefront measured prior to

Experimental Set-up the capillary showing a marked improvement in the experimental and theoretical agreement.
A 50fs pulse centered at 790nm is coupled into the 75um core of our 7 cm capillary. The laser repetition rate is
1kHz and the pulse energy is varied from 170pJ to 805pJ. Argon gas is injected into the capillary through two Modal dispersion N N L
500um holes and can be varied from O mbar to 240 mbar. The output pulse is directed out of the vacuum and into and losses Gas nonlinearity Plasma refractive index
a Swamp Optics 8-20-USB Grenouille FROG for characterisation. A A
oA, ‘
2 =iD, +|n2(z)k02an,mAkA|A“+ ko J T drF(NS(r, 203 (1, z,t)
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Experimental results S Theoretical results
+ Below we show the experimental temporal and spectral shape of the umma y « Below we show the theoretical temporal and spectral shapes of the
output pulse for a range of powers. These are matched by the equivalent We show pulse compression using a 7 cm hollow core capillary from an input pulse of output pulse for a range of powers. These are matched by the equivalent
theoretical results on the far right. The agreement between the two is 53 fs reduced to 16 fs. High levels of ionisation, similar to those present in experimental results on the far left. The agreement between the two is
excellent. filamentation allow spectral broadening and spatio-temporal reshaping. The excellent.
compression observed is greater than has previously been achieved using such short
* The output pulses measured by our FROG were back propagated to capillaries [3]. In addition to this we show the excellent agreement of these results « The spectral structure shows blue shifting of the main peak and the
remove the dispersion encumbered by the output window, ND filters with our theoretical model, and the exciting conclusions this allows us to draw, emergence of one and then two smaller peaks as the input power and
and focusing optics within the FROG device itself. Further compression namely, in situ pulse self-compression within the capillary from 53 fs to 7 f thus nonlinearity is increased.
with chirped mirrors can reduce these 27 s pulses down to 16 fs. Shown
in figure 1in the center. The amount of nonlinearity within the system and hence the degree of compression « The pulse self-compresses and a self-steepened leading edge is
depends on both the intensity of the input pulse and the pressure of the gas within the observed, due to the plasma dispersion.
+ Interestingly a similar pattern is not observed as readily for a variation capillary. The figure below shows the output pulse measured using a FROG for the
in pressure. At the higher powers the output pulse shapes and spectra optimal pump power (805 mW) and gas pressure (150 mbar) we used, here we apply
do not vary significantly with pressure, ranged between 30-200 mbar. dispersion compensation to the experimental data theoretically. A power sc e
seen to the left and right showing the strong agreement between the ex o
theoretical work respectively.
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Figure 1: Comparison of the temporal (a) and spectral (b) distributions of the
pulse prior to (dashed) and following (solid) compression within the capillary
Figure 2: Experimental temporal (left) and spectral (right) shape of and post compression optics. The output pulse has a FWHM of 16fs compared to Figure 3: Theoretical temporal (left) and spectral (right) shape of
pulse for a range of input powers. 53fs for the input pulse. pulse for a range of input powers.

In-situ pulse compression

Nonlinear pulse propagation leads to sub 10 fs pulses within the
capillary!.

Capillary design can shift where this occurs, a recent capillary we
have made has sub 7 fs pulses at the end.

Here we see 6 fold increase in intensity, ideal for high harmonic
generation. Output of capillary imaged through
IR filter. Ring pattern spectrum
extends to the blue at high powers.

Beginning Middle

Figure 5: (left) Theoretical spatio-temporal plot of pulse at middle of capillary, Figure 4: (left) Theoretical spatio-temporal plot of pulse at end of capillary,
individual pulses are sub 10 fs. (right) On-axis plot of pulse in time. individual pulses are 10-20 fs. (right) On-axis plot of pulse in time.

<10 & 10-20 fs 10-20 fs

Figure 4: (left) Theoretical spatio-temporal plot of pulse at beginning of capillary,
pulse is ~50 fs. (right) On-axis plot of pulse in time.

~53fs

Theoretical spatio-temporal profiles
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High harmonic generation (HHG) has proven to be a fascinating and incredibly useful nonlinear optical
phenomenon and has led to the realization of tabletop sources of coherent extreme ultraviolet (XUV) radiation.
Capillary based geometries in particular have attracted a great deal of attention due to the lengthy regions over
which HHG can occur and the potential to phase match the HHG process leading to a large increase in XUV flux
[1]. Until now reabsorption of XUV radiation has been a major problem when designing high-flux sources, in
both capillary and other geometries. In this work we have used computational modelling to optimize our original
capillary design in an effort to minimize the absorption of the generated XUV. Subsequent experimental work
has shown a flux increase of almost 50 times over our existing capillary-based source, regardless of the
maximum gas pressure.

Our three dimensional model [2] is based on a multimode-generalized nonlinear Schrédinger equation and
includes effects such nonlinear mode mixing and ionization induced nonlinear effects. Using the model we
adjusted both the capillary length and gas density profile with two aims: to maximize the radially integrated
ionization fraction at the capillary exit coupled with a rapid decrease in gas pressure. This has the effect of
increasing not only the XUV flux but also pushes the cut-off limit of the generated harmonics to higher energies
as more ionization is a result of higher pump-pulse intensity. The XUV range that we can generate within
presently is restricted to between 18-40 nm by the Cooper minimum and argon absorption respectively. For our
75 um radius capillary we found the optimum design to be 45 mm long with gas inlets 5 mm and 3 mm from the
input and output respectively. The theoretical gas density and integrated ionization profiles are given in Figures
1(a) and 1(b).

Fig. 1. The simulated pressure (a) and ionization profiles (b) within our new capillary. (c) The cross-section of the XUV
beam measured at the output of our optimized (dotted line) and original (solid line) capillary based sources for a peak
pressure of 150 mbar. Note that the cross-section data for the original source has been multiplied by a factor of five.

Based on this theoretical work several of these new capillaries were manufactured and integrated into our
existing apparatus [2]. The output XUV flux was measured on an X-ray CCD camera situated behind an
aluminium filter. Figure 1(c) shows the comparison between the capillary optimized for a high integrated
ionization and low reabsorption (dotted line) with the original 70 mm capillary design (solid line). This shows an
increase in the XUV flux of almost 50 times when compared to a non-optimized source and we have observed
similar increases throughout our experimental pressure range of 0-200 mbar.

We have used our theoretical model to dramatically increase the output XUV flux of a capillary based high
harmonic source by reducing the reabsorption of the generated XUV whilst simultaneously increasing the final
intensity and flux of the pump laser at the capillary exit.
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Using this model to design better XUV sources

The output XUV flux of a capillary based high harmonic

. N + Adjust the capillary length and gas den-
source has been increased by a factor of 50 djust the capillary length and gas den

sity profile within the model to produce

a rapid pressure drop and high ionization

fraction at the capillary exit

Thus minimizing XUV absorption and Pressure and ionization profiles
shifting the harmonic cut-off to higher © @
energies (as a high ionization fraction is

indicative of a high intensity pump)

Modelling suggests this is due to nonlin-

ear self-compression being enhanced by

a high gas density early in the capillary

This has been achieved by using a numerical model to si-
multaneously reduce XUV absorption and increase pump
pulse intensity at the capillary exit

Once constructed the new source was characterized ex-
perimentally

The XUV flux of this optimized source has been calcu-
lated as ~10'? photons s™!

Why model the nonlinear propagation dynamics

of the pump beam within the capillary?

The capillary described above
was manufactured and inte-
grated into our existing experi-
ment (figure 4). The results are
compared with our previous
source in figure 5.

Numerous nonlinear interactions are ob-
served when pulses with intensities greater
n 10" Wem? propagate through gas filled
cap
These lead to phenomena such as extreme
spectral blue-shifting, nonlinear self-
compression [1] and even filamentation
(some of these processes are illustrated in
figure 1)

* XUV flux increased
by a factor of 50
* Photon flux calculated

1012 .
If the propagation dynamics of the pump Elf; be 11 0 ) phm:z'[‘;v
+ Three dominant X

pulse can be accurately modelled then we can ’

S s inear effects c harmonics
use these nonlinear effects to enhance the Figure 4: The experimental apparatus used to characterize
HHG process. » - _— our capllry based XUV sources (2]
Thus developing more elegant sources of e farfie m of our capillary. (b

ion of an input pulse (red)

. . ~ . . . aro
sub-30 nm radiation for imaging applications ougha 7 cm capillry ied with Argon.

The model

We based our model [2] on a multimode-generalized nonlinear Schrodinger
equation (MM-GNLSE) [3]:

o
T w0 e
xposmenisse) pestientpe)

1
) The XUV beam profile produced by our new source. (b) The XUV profile produced by our e

under similar exp conditions. (c) and (d) The cross-sections of these two
spectrometer’s MCP plate when illuminated by our optimized source.

(D)ispersion, (N)onlinearity, (Z)onization effects and (L)osses
Allows for the study of a great number of fascinating phenomena such as .
nonlinear mode mixing and plasma induced nonlinear effects Conclusions and future work
Solved via a split-step Fourier algorithm within MATLAB
Figure 5 demonstrates an increase in XUV flux of almost 50
times when compared to a non-optimized source and we have
observed similar increases throughout our experimental pres-
sure range of 0-200 mbar. Preliminary calculations have shown
a photon flux of at least 10'> photons s™.
Our current work involves linking this propagation model to
a quantum mechanical model describing the HHG process. We
are also working on developing XUV filters with a high trans-
I n in the 10-20 nm spectral region. This will allow us to
confirm the shift to higher cut-off energies predicted by this
Figure 2: The experimental (a) and theoretical (b) spatio-spectral distributions after the capillary’s exit. work.
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