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Abstract

HHG spectroscopy is a powerful tool for observing electronic structure along with
electronic and nuclear dynamics with state of the art resolution on the attosecond
(107" s = 1 as) timescale and angstrom (107 m = 1 A). Thus far, HHG spec-
troscopy has been applied to small hydrocarbons such as ethylene and methane using
an 800 nm drive laser field wherein dynamics can only be measured in a 0.9 — 1.6 fs
time window. This PhD has two primary aims: 1) to extend the time window over
which we can make measurement up to ~ 4 fs using an ~ 2 pm drive laser field and
2) to perform HHG spectroscopy on molecules which are in the liquid phase at room
temperature. The molecules at the focus of this thesis are benzene and substituted
benzenes. The design and development of an apparatus to generate a stable vapour
jet from a thin continuous nozzle is presented. The completed and tested appara-
tus has demonstrated that stable and reproducible spectra can be acquired with no
contamination between different samples as they are switched over. Comparison of
methylated benzene to benzene harmonic spectra show good agreement with theo-
retical results on coupled electron-nuclear dynamics developed by our collaborators.
We also compare HHG spectra acquired under similar generating conditions from
deuterated and protonated benzene which enables us to track nuclear dynamics and
to determine the origin of the ionized electron in benzene. HHG spectra from the
halogenated benzenes, in particular fluorobenzene, seem to illustrate the contribution
of more tightly bound orbitals to the HHG signal which is indicative of dynamical

interferences.
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Butterflies and zebras
And moonbeams and fairy tales
That’s all she ever thinks about
Riding with the wind.
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Chapter 1

Background

1.1 Introduction

1.1.1 Introduction to the thesis

The work presented in this thesis seeks to further the understanding of electronic
and nuclear dynamics in large organic molecules, such as benzene and substituted
benzenes, with Angstrom (107!° m) spatial and femto (107'° s) to attosecond (10~*®
s) temporal resolutions. The use of ultrashort, high intensity laser pulses has en-
abled the imaging of nuclear motion, structural deformations and charge motion in
molecules which are the fundamental building blocks of matter. Using a process
known as high harmonic generation (HHG), this technique can be employed to make
movies of chemical processes at timescales that are almost incomprehensible to the
human imagination. HHG bears similarities to strobe photography, wherein rapid
motion can be freeze-framed by leaving the camera’s shutter open in a darkened envi-
ronment and then producing a bright flash of light. The shorter this flash, the faster
the motion that can be recorded. Freezing the movement of a speeding bullet, for

example, requires a flash of light no longer than 1 microsecond.

In HHG, ultrashort laser pulses are fired into a jet of gas or vapour or even a plasma
plume, and the high intensity light tears an electron off each atom or molecule in the
jet. The electron is quickly driven back to its parent ion. In this collision, the elec-
tron’s kinetic energy is released in an extremely short, but very bright burst of x-ray

radiation. These x-ray bursts can be squeezed down to a duration of 100 attoseconds.
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Analysing certain characteristics of the x-ray beam, enables us to build up a movie of
the molecule, for example how it structurally deforms after being ionised. The time
interval between the individual "frames” in these movies is also ~ 100 attoseconds -

resulting in an effective framing-rate of 10 million billion frames per second.

An understanding of the complex processes in molecules could help to create quantum

computers, faster electronics, designer materials or artificial photosynthesis.

High harmonic generation has already been employed in atoms and small diatomic
molecules - most of which exist in the gaseous phase or as plasma plumes from solids.
The motivation of this PhD work is to extend HHG spectroscopy to organic molecules
which are in the liquid phase at room temperature. For example, benzene is a building
block for making plastics, rubber, resins and synthetic fabrics like nylon and polyester

in addition to being a fundamental constituent of DNA and is also a known carcinogen.

This thesis aims to develop and apparatus which can produce stable vapour jets from
a range of substituted benzenes. A comparison between benzene and deuterated ben-
zene harmonic spectra will give an insight into the origin of the electron wavepacket
from the molecules as it can be ionised from the 7w or ¢ systems. Harmonic spectra
from benzene and the substituted benzenes will provide a starting point for under-
standing charge transport in biomolecules. This PhD aims to give an insight into
ultrafast structural deformations, contributions from lower lying orbitals and charge

migration in substituted benzene aromatic molecules.

Organisation of thesis

This thesis is organised as follows. Chapter one introduces strong field physics before
leading on to a detailed explanation of HHG on a macroscopic level. The chapter
then leads on to basic molecular physics before concluding with an introduction to

the theoretical modelling of HHG in molecules.

Chapter two focuses on the laser requirements for HHG and how the different laser
parameters or pulse duration, wavelength, repetition rate and intensity affect the pro-

cess. A detailed account of ultrashort pulse production is presented which develops
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into an explanation of the laser systems used in this thesis and the pulse diagnostics

used to characterize the laser pulses.

Chapter three presents HHG spectroscopy and the techniques that will be used in
this thesis along with an explanation of the structural and dynamical information we
can gain from molecules. Theoretical calculations made by the Quantum Chemistry
group at Imperial College are also presented along with an interpretation of what we

expect to detect experimentally.

Chapter four is concerned with the design and development of the apparatus used for
vapour generation from the organic molecules. This chapter introduces the standard
apparatus for HHG in gaseous molecules before detailing the modifications which

need to be made for the vapour generation experiments.

Chapter five introduces the methodology of testing the apparatus to ensure stable and
reproducible spectra are obtained. Chapter six presents the main results obtained in
this thesis. The dependence of the HHG spectra on the backing pressure and the
laser intensity are presented. Comparisons between HHG spectra from benzene and
substituted benzenes are made to investigate charge transfer, structural and dynam-
ical interferences in these molecules. Some basic strong field approximation (SFA)

calculations are also presented to facilitate a basic interpretation of the data acquired.

Chapter seven discusses the results obtained along with conclusions made from the

work presented and an outlook on future work.

1.1.2 The evolution of attosecond and angstrom resolution

experiments

The advent of the laser in 1960 [1] soon led on to the development of short pulse,
high power laser systems over the following decades. When a high power laser pulse
of sufficient energy is focused into a gas of atoms/molecules, the laser electric field
becomes comparable to that of the atomic field strength, E,;, enabling electrons to be

liberated from the atoms. This section will briefly describe the interaction of atoms
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with strong laser fields and the information that can be gained from these processes.

There are several potential outcomes from the interaction of a gas of atoms with an
intense laser field (before the use of titanium-sapphire as a gain medium and chirped
pulse amplification (CPA) became universal in the 1990s). As detailed in section
1.2.2, Above Threshold Ionisation (ATI) occurs when electrons that are initially in
the parent atoms ground state absorb more photons than that required for ionization.
These electrons are consequently ionised with a high kinetic energy. The introduction
of high resolution time of flight (TOF) spectrometers in the early 1980s permitted
ATT spectra to be recorded at higher laser intensities . This development resulted in
the observation of a number of interesting characteristics of the ATI spectra. These
include the influence of the ponderomotive potential, the transition from perturbative
ATT to non perturbative and the effect of the laser field on the atomic bound states
manifesting itself in the AC Stark shift [2].

Many electrons can also be ejected from atoms/molecules subject to strong laser
fields. In one case, there may be a sequence of single electron ionization events: the
atom is ionised, followed by the ionization of the singly charged ion then the doubly
charged ion and so on. Another process may also occur, non-sequentially. In this
case electrons can be emitted simultaneously; a liberated electron may scatter onto a

parent ion and cause the ejection of a secondary electron.

Another outcome of the ionization of an atom was demonstrated for the first time
in 1987 [3] when the XUV photon emission in the form of high order harmonics of
a linearly polarized laser field was observed. High harmonic generation (HHG) has
become a fundamental research area for scientists over the last three decades. The

reasons for this lie in the unique properties of the radiation such as [4]:

e The HHG process is driven by the laser in a fully coherent manner; the generated
harmonics have similar temporal and spatial coherence properties to the driving
laser field

e The entire HHG process of tearing an electron from its parent atom, accelerating
it in the continuum and its recollision and recombination with the parent ion

occurs in only a fraction of a driving laser field cycle; e.g. 2.7 fs for an 800 nm
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laser field. The duration of the electron probe pulse can be sub femtosecond,
which leads to the generation of attosecond (107!8 s) pulses which can be used

for imaging ultrafast dynamics in molecules

An advantage of using electrons compared to X-rays is that the electron scat-
tering cross-section is much higher (~ 4 — 6 times larger than X-rays) as it is
regulated by the Coulomb interaction with both electrons and nuclei [5]. The
ratio of inelastic to elastic scattering cross sections for electrons is much lower
than that of X-rays. The energy that is deposited into the target per elastic
collision event is lower for electrons than for X-ray probes. However, the pres-
ence of a strong laser field can induce more damage on the target. Referring
to the discussion on non-linear optics in section 1.1.2, laser fields of sufficient

intensity can induce significant damage to the target it is focussed on to.

Electron energies, E, correspond to de-Broglie wavelengths in the Angstrom and

sub-Angstrom range by the simple relation:

h
Ae = (1.1)
2Em
Obtaining the same wavelengths with photons for which A\ = Eh—i, requires
p

several keV of energy which corresponds to hard x-rays. To obtain 1 A spatial
resolution for the measurement of structural dynamics, a comparable or shorter
wavelength is required. Photons with an energy in excess of 12 keV are required
to achieve 1 A wavelength for X-ray probes. For an electron to have a de Broglie
wavelength of 1 A, its kinetic energy must be > 150 V. In essence, much lower
electron energies are needed than photon energies to achieve the same spatial

resolution.

Not only are hard x-rays of this kind hard to produce, which can be done using
Free Electron Lasers (FELs) [6], but also they primarily interact with a systems
core electrons as opposed to the valence electrons which are relevant for imaging
dynamics in topical chemical and biological systems; i.e. DNA, carcinogens and

semiconductor materials.
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e The temporal resolution provided by the chirped electron wavepacket in HHG is
on the attosecond timescale (=~ 100 as) which is ideally suited to the measuring
ultrafast nuclear dynamics in molecules [7]. It should also be stressed that some
structural changes in biomolecules such as protein folding take place on fem-
tosecond to microsecond scales and are of much importance to understanding
chemical dynamics as attosecond measurements. X-ray FELs are of importance
to the measurements of longer timescale dynamics as they can provide time
resolutions of up to 20 fs. Altucci et.al [5] has published a very accessible
and comprehensive review of various methods for ultra-fast dynamic imaging in
molecules for achieving atomic scale spatial resolution and femtosecond tempo-

ral resolution.
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1.1.3 Introduction to strong field physics

When a light source of sufficient intensity is applied to a medium it can induce non-
linear modifications of the optical properties of the material - this phenomenon is
known as non-linear optics. To give the reader an appreciation for the maximum
electric field strengths that can be used to induce non-linear effects in an optical
material, mentioning the optical damage thresholds is useful. The efficiency of a
non—linear process is limited by the maximum field strength at which the process
can occur without damaging the material. Examples of damage include burns on
optical surfaces which can reduce the reflectivity of certain optical elements, and
overheating of the material which can caused thermal stress, chemical degradation of

optical coatings and even fracturing of a material.

Linear absorption which leads to heating and cracking of materials is the domi-
nant damage mechanism for continuous wave and long pulse (> 1us) laser beams.
Avalanche breakdown influences the onset of optical damage for pulsed lasers of du-
rations < 1us typically for intensities in the range 10° — 10'2 W /cm?. Multiphoton
ionization/dissociation is the dominant mechanism for inducing optical damage for
the intensities in the range 10'? — 10'® W/cm?. Direct photoionization wherein the
laser field strength is sufficient to rip electrons away from an atomic nucleus is the
dominant mechanism for intensities > 10 W/cm?. For laser pulses of typically
< 100 fs duration these effects may occur at lower intensities [8]. It is worth noting
that modern day laser technology can produce lasers of sufficient intensities to exceed
the damage threshold of all known optical materials. Therefore, the optical damage
threshold of a material provides us with a baseline for understanding the constraints

of inducing non—linear effects.

Typically, only a laser can produce the intensities required to induce non-linear effects
in a material. These effects are termed non-linear due to the fact that the electronic
response of the medium depends non-linearly on the strength of the applied optical
field. The birth of non-linear optics is credited as the discovery of second harmonic
generation (SHG) by Franken et.al in 1961 [9], shortly after the demonstration of the
first working laser by Maiman in 1960 [1]. Electro—optic effects such as the Kerr
effect which was studied first in 1875 and the Pockels effect which was discovered
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in 1893 are also two fundamental examples of non—linear effects which have become
cornerstone to modern laser technology. The fusion of these two milestones has led
to the availability of commercial lasers that can be operated at two wavelengths. For
example the 1064 nm output from a Nd:YAG system can be frequency doubled to
produce visible light at 532 nm. More commonly used in the field of strong field
physics is the 800 nm output from a 1 kHz Ti:Sapphire laser system which can gen-
erate visible light at 400 nm when SHG is employed.

In order to define more precisely what is meant by an optical non-linearity it is useful
to consider how the dipole moment per unit volume - the polarization - of a material
depends upon the strength of an applied electric field. In the case of linear optics
the polarization of a material varies linearly with the applied electric field strength

as described by the relationship [10]:

P(t) = coxVE(1) (1.2)

For non-linear optics we can generalize this equation by expressing the polarization

as a power series in the applied electric field strength as:

P(t) = e)xVEt) + xPE2(t) + P E3(t) + .. ] (1.3)

The term x™ is the n'* order non-linear susceptibility. For example, the corre-
sponding non-linear susceptibility for second harmonic generation is x® whilst for
self-phase modulation a susceptibility of x(® is necessary. The first susceptibility
term, x(M, which represents a linear response, is dimensionless. All higher order
terms, x, have units of (m/V)"~'. The electrons within a non—linear material are
not uniformly distributed but are constrained in their motion by the potentials that
confine them. In response to the electric field, the electrons may move a greater or
smaller distance which is dependent upon the strength of their confinement in the
applied field direction. Hence, the susceptibility and properties dependent upon it
such as refractive index, are anisotropic cannot be defined by a single value but must
be treated for the x,y and z axes depending on which axis the field is applied along.

Thus, x™ is a tensor of rank n + 1.
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In a more general case, if an electron is not aligned along the co—ordinate axis then the
resultant polarization may also have a component in one of the other directions. We
can therefore write the susceptibility tensor as P = €y xE where ¢ is the permittivity
of free space and F is the applied electric field strength. The susceptibility tensor is
defined as:

Xzz Xzy Xazz
Xyz  Xyy Xyz
Xzz Xzy Xzz

The first term of equation 1.3 is linearly dependent on the electric field describes the
dispersion and loss. As stated, the second term gives rises to SHG. Note that the
second order susceptibility is only non-zero for non-centrosymmetric media such as
Beta Barium Borate (BBO) and Potassium Dihydrogen Phosphate (KDP). The third
term is responsible for effects such as third harmonic generation. Higher order terms

can be neglected as their susceptibility decreases with increasing orders [8].

The first demonstration of a non-linear effect in a laser field was performed by Franken
et.al in 1961. The experiment consisted of focusing a commercial ruby maser (Trion
Instruments Inc.), which produces ~ 3 mJ of 694.3 nm light in a 1 ms pulse, into a
quartz crystal. The maser output passed through a red filter for filtering out the xenon
flash background and was brought to a focus inside a crystalline quartz sample [9],

as illustrated in Figure 1.1.

Beam contains fundamental
Lens Lens and second harmonic

Q-Switched
Ruby Laser

Non-Linear .
Quartz Crystal i R
Lens f

Filter

Figure 1.1: Experimental apparatus for Frankens SHG experiment [10]

The emergent beam was analysed by a quartz prism spectrometer which was equipped

with red insensitive spectrographic plates. In this situation the electronic response of
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the crystal scales not linearly but quadratically with the applied field which results in
the generation of light with twice the frequency of the fundamental. Mathematically
we can describe the polarization as follows: the electric field of the maser beam can

be written as:
E = Acos(wt) (1.4)
Substituting this equation into 1.2 the polarization now reads as:

P(t) = ey (x'V A cos(wt) + ;X(Z)AZ(l + cos(2wt)) (1.5)
—_—

linear term

non-linear term

Figure 1.2 below illustrates the result of Franken’s experiment - at first glance it
appears as though the plate is blank at 3472 A. What actually happened is that the
journal copy editors assumed the mark on the image of the photographic plate was
a speck of dirt and had it removed from the publication. In this case the energy
conversion efficiency from the fundamental to the second harmonic was about 1 part
in 10®. This value is quite low considering that today, for example, SHG can be > 40%
efficient. This is due to the phasematching not being optimised for this experiment.
Phasematching shall be described in detail in section 1.6. This experiment is a clear
demonstration that SHG is a real effect although at the time of its discovery it was

more of a curiosity than a practical means of generating UV light.

| ®

34 35 38 37 39 40 45 50 55 80 70 15 80
I|\J|||||mn||||||I|||||||||In\||||||I|m||J|mhu|huf| Pttt |J|Jl\.'||Ir[|J|Jml|F|hhl|ﬁﬁl|er|Jrnf.'rr!rnuhn

Figure 1.2: Reproduction of the first plate in which there was an indication of second
harmonic generation. The wavelength scale is in units of 100 A. The arrow at 3472 A
indicates the small but dense image produced by the second harmonic. The image of the
primary beam at 6943 A is very large due to halation. [9]
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Now that the concept of non-linear optics has been introduced - albeit on a basic level
- the discussion of other non-linear processes employed in laser technology for strong
field physics will be simplified. Second harmonic generation is an example of a two
photon non-linear effect and we can now introduce higher order n-photon non-linear

effects that occur when the laser intensity is sufficiently strong.

Multiphoton ionization at relatively low laser intensities (< 103 W/cm?) can be
described by perturbation theory as a bound—free transition. The theory, low order
perturbation theory (LOPT), treats the applied field as a small perturbation to the
Coulomb potential of the atom/ molecule. LOPT predicts that the ionization rate

for an n—photon process can be described by an intensity dependent power law:

dp,
dt

o I" (1.6)

where P, is the ionization probability. Several experiments have been performed
which have found significant discrepancies with this power law and has signalled a
breakdown of LOPT [11]. Energy levels in atoms and molecules can be Stark shifted
from their unperturbed positions which leads to intensity dependent corrections nec-
essary for the generalised multiphoton absorption cross—sections. As the intensity
is increased, population can be transferred between resonant levels via Rabi oscilla-
tions and the concept of a time dependent ionization rate becomes redundant. The
non—perturbative nature of MPI at higher intensities manifests into ATI which is
essentially MPI with more photons than the minimum required. ATI is a result
from the absorption of photons by the ejected photoionizing electron while still un-
der the influence of the atomic potential. The scaling law was verified in 1982 by
Fabre et.al [12]. The advent of high resolution time of flight (TOF) spectrometers
in 1983 [2] made it possible to obtain good ATI spectra with higher laser intensities.
This development resulted in photoelectron spectra being acquired with character-
istics different to those previously observed namely that the first peak of the ATI
spectrum was missing and that the remaining peaks did not follow the power law in
equation 1.6. The suppression of peaks in the ATI spectra can be attributed to AC
Stark shifts of the bound states which is induced by the laser field.

35



An intense laser field will also have a significant effect on bound electrons. Since
Rydberg levels are weakly bound their shifts will be close to the ponderomotive energy.
Lower lying states are more tightly bound and have a much smaller polarizability so
will experience a smaller shift. The shift induced on the Rydberg states is much
greater than that of the lower states such that their shift can be neglected. This
implies that the ionization potential increases by ~ U,. This results in a reduction of

the ejected electrons kinetic energy by the same amount:

Eiin = (n+ s)hw — (I, + U,) (1.7)

Once U, > hw, peaks in the lower energy region of the ATI spectra start to become
suppressed [11]. In this regime, the laser field can no longer be treated as perturbation
and LOPT applied to extensions of the multiphoton picture become redundant. At
intensities > 10 W/cm?, a plateau structure was observed in ATI spectra [11].
LOPT predicts a strong exponential decrease in the ionization cross section with
increasing ATT order, which fails to explain the existence of the plateau structure.
The first non—perturbative treatment of the interaction between the laser field and
the bound electrons of an atom/molecule was first introduced by Keldysh in 1965 [13].
Keldysh realised that if the incident field is strong enough and the frequency low, then
an alternative ionization mechanism can occur other than multiphoton processes.
This semi-classical treatment of the laser field lead to a distortion of the potential
barrier of the Coulomb potential which enables the electron to tunnel ionise into the

continuum.

Strong field processes

Equation 1.3 loses its strict validity when the applied laser field strength exceeds that
of the characteristic atomic field strength, E,;. F, is the electric field strength at a
point in space and is the force per unit charge As an example, we can calculate E,;

for the hydrogen atom using equation 1.8 below:

(1.8)
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where —e is the charge of the electron, ¢y is the permittivity of free space and ay is
the Bohr radius of the hydrogen atom which is calculated to be 5.3 x 107 m from

equation 1.9 below:

Amegh?
- 2

ag (1.9)

me

The laser intensity associated with the peak field strength, F,; can be calculated from

equation 1.10 below:
1 2 16 2
I, = 5600Eat =3.5x 10" W/em (1.10)

In other words, the laser intensity we imply here is comparable to or exceeding the
laser intensity associated with the peak electric field strength of 3.5 x 101® W /cm?.
Above this intensity, relativistic effects can take place as a consequence of the mag-

netic field component of the field no longer being negligible.

1.2 Ionization processes

The non-linear effects mentioned in the last section are based upon the assumption
that the laser field is weak (=10 W /cm?) in comparison to the static atomic Coulomb
field of the media in question. This defines the perturbative regime and allows for
the expansion of the polarization in a power series of the electric field.

As the intensity of the laser field increases, the electric field strength becomes compa-
rable to the binding Coulomb field of an atom. In this situation perturbation theory
breaks down and we enter the non-perturbative regime and the field of strong field
physics because the size of the Nth order correction to the LOPT is no longer small
with respect to the (N — 1)th order. The mathematical approach for explaining the
phenomena that occur in the presence of intense laser fields needs to be modified to

a non—perturbative regime.
There are two situations wherein we can analyse the ionization of a target in the

perturbative regime - Multiphoton Ionization (MPI) and Above Threshold lonization
(ATT). Typically we are in the 10 — 10 W /cm? range however this magnitude
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is target dependent. It is probably more efficient to specify the required intensities
in terms of the saturation intensity, I;. The saturation intensity invokes that the
majority of the atoms/molecules are ionised before the peak intensity. For example,
in Xenon I, = 8.2 x 103 W/ecm?. If we assign I as the laser intensity then we
can specify the ionization regimes relative to the Over The Barrier Ionization (OTBI)
value. OTBI implies a severe lowering of the potential barrier and is another term

for the saturation intensity, as will be described later on.

o If Iy << Iprps; then we are in the perturbative regime where MPI and ATI

occur

o If Iy < Iorpr we have entered the non-perturbative regime and tunnel ionization

(TI) is the dominant process and HHG occurs

o If Iy = Iprpr we are in the regime where OTBI dominates and there is little
HHG

o If Iy >> Iprpr the system is saturated and depletion occurs, thus there is no

HHG and the onset of relativistic effects approaches

If the laser field matches or exceeds the Coulomb field retaining the outer-most elec-
tron of the target then the interaction can no longer be treated as a weak perturba-
tion and we enter the non-perturbative regime where the ionization is dominated by 2
processes - Tunnel Tonization (TI) which is valid for applied intensities of 10 — 101
W/ecm? and Over The Barrier Tonization (OTBI) which occurs for field strengths
exceeding 10 W/cm?. A schematic of the different ionization processes is given in

Figure 1.3.
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Figure 1.3: Ionisation mechanisms that occur in (i) the perturbative regime: (a) Multipho-
ton Ionisation (b) Above Threshold Ionisation and the (ii) non perturbative regime: (c)
Tunnel Ionisation and (d) Over The Barrier Ionisation

1.2.1 Multiphoton ionisation

In the multi-photon regime the electron gains enough energy to be ionised from its
parent atom/molecule by successive absorption of single photons through transitions
via virtual states. Thus the photon flux must be dense enough such that every photon
can be absorbed on a timescale less than the lifetime of the virtual state which is
determined by the uncertainty principle.

The ionisation rate is dependent upon the number of photons needed to reach the

ionisation potential and the flux of photons in the interaction region and is given

by [14]:

Ry = onIV (1.11)

where N is the minimum number of photons necessary to ionise the atom, I is the

39



laser peak intensity and o is the generalised cross section for the Nth order process
that depends on the amplitude of the electric field and its wavelength. As illustrated
in Figure 1.3 (a), MPI results in an electron absorbing many photons to gain enough

energy to reach the ionisation potential.

1.2.2 Above threshold ionisation

Above threshold ionisation was first observed by Agostini et al. [15] and is distin-
guished from multiphoton ionisation due to the fact that once the N photons are
observed, an additional S number of photons are also absorbed by the electron in the
continuum after it is ionised. This is also a perturbative effect and typically occurs for
intensities in the 102 — 10 W /cm? range. By increasing the intensity the ionisation
manifests from MPI to ATI. The electron acquires kinetic energy in discrete units

equal to the photon energy. The ionisation rate describing this process is given by:

RN+S = O'N+SIN+S (112)

1.2.3 Tunnel ionisation

Tunnel ionisation is the mechanism of main interest to the planned molecular High
Harmonic Generation (HHG) experiments in this report. As shown in Figure 1.3(c)
it can be deduced that this is a quantum mechanical effect whereby an electron tun-
nels through the potential barrier. Since the process occurs for intensities in the
10* — 10' W/cm? range this is a strong field effect. At these intensities the electric
field disturbing the binding potential lowers the height of the barrier that the elec-
tron sees - a lower barrier presents the opportunity for the electron to tunnel ionise.
Due to the fact that the electric field of the laser is suppressing the barrier the tun-
nelling time for the electron must be less than half an optical cycle because the field
reverses direction and therefore the barrier is raised again - think of it as the ionisa-

tion potential binding the electron oscillating with the laser field in a periodic fashion.

The tunnelling rate is exponentially sensitive to the area under the barrier which is
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determined by the bound state energy and the laser field strength [16].

2(21,) .5

I =~ exp|— 3E(t)] (1.13)

where 1, is the ionization potential (eV) and E(t) is time varying electric field strength
(V/m). The exponential dependence of the tunneling rate ensures that (a) the highest
energy electronic states are field ionized first and that (b) the ionisation is confined
in time to ~ £200 attoseconds (or 1/10 th of an optical cycle) around the cycle
peak [17].

The potential that the electron sees is a combination of the atomic potentials and the

potential generated by the laser field.

—7Ze?

V(z,t) = — exEycos(wt) (1.14)

dmegx
where Z is the charge state of the target (note that Z = 1 when a atom is ionised
once), x is the distance from the centre of the atom, w is the angular frequency of the

laser and ¢ is the time in the laser pulse.

1.2.4 Over the barrier ionisation

As the intensity is increased to above 10> W/cm? the atomic potential is severely
distorted such that the barrier is lowered below the ionisation potential and the
bound electron is free. The potential seen by the electron is a combination of the

atoms potential and the maximal electric field of the laser light:

—exE(t) (1.15)

where e is the electronic charge, € is the permittivity of free space, = is the distance
from the centre of the atom and E/(t) is the time varying electric field produced by the
laser light. This relation can be used in a very straightforward manner to calculate
the peak intensity at which OTBI occurs [2].

The following relationship can be used to determine the intensity required to observe

OTBI in different systems depending upon the ionization potential of the target:
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(1.16)

This expression can also be simplified to the following, more commonly used format:

e LeV])*
IOTB][W/CmQ] = [p4222€% =4 X 1097( p[Zz ]>

(1.17)

within which Z is the final charge state of the ion and I, is the ionization potential.
Taking an example, for Ne — Ne™ by OTBI, we have [, = 21.56 ¢V and Z = 1. A
value for the critical intensity can be calculated to be: 8.7 x 10 W/cm?. In a similar
fashion to tunnel ionisation, OTBI is different in atoms and molecules. This is due
to the multicentre potential inherent to molecules. In OTBI, the oscillating electric
field distorts and suppresses the potential barrier below the ground state energy of a

molecule thus allowing electrons to escape into the continuum.

1.3 Ponderomotive energy

The ionisation mechanisms described in the previous sections permit an electron to
be ionised and liberated from its parent atom/molecule. Once free, the electron
position and velocity oscillate in the laser field. The electrons are accelerated in the
continuum by the oscillating electro-magnetic field of the laser and start to wiggle
along the polarization vector of the electric field component. The motion of the
oscillating electron is associated with an energy termed the ponderomotive energy,
U,, which is the cycle-averaged kinetic energy of the electron as it moves under the

action of the oscillating force:

e?Ey?
U, = <2m 212 COSQ(WTCyCle)> (1.18)
€| Eol*
U, = 1.19
P dmaw? ( )
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where w is the laser frequency and FEj is the electric field amplitude. Knowing the
following equation for laser intensity we can derive another, more convenient format

of the equation for the ponderomotive energy:

E 2
I = 06070 (1.20)
el
U =—— I\ 1.21
P o9meegcw? > (1.21)

To put this quantity into perspective the example of a wavelength of 1um at an in-
tensity of 10 W/cm? gives a ponderomtive energy of ~ 10 eV. This quantity scales
linearly with the laser intensity. It is evident from this equation that the ponderomo-
tive energy of an electron can be quadrupled just by doubling the wavelength (e.g.
the ponderomotive energy can be increased from 10 eV to 40 eV just by doubling the
wavelength from 1um to 2um at a fixed intensity of 10 W /cm?.

1.4 The Keldysh parameter

The Keldysh parameter [13] is used to distinguish the different ionisation mechanisms
detailed above (ATI, MPI, TT and OTBI) as a function of the atomic species, laser
wavelength and intensity. In essence, it is the ratio of laser frequency wy to the
tunnelling frequency, w;. There is no sudden change at some given intensity where
the ionisation process flips from multiphoton to strong field regimes, but as intensity is
increased the probability of the ionisation occurring by strong field processes increases
whilst that of the multiphoton mechanisms diminishes.

Hence we can arrive at the following equation for the tunnelling frequency:

27T6E0 2[}7 6E0
wy = WE==pS (1.22)
' Ip m ,/ZIpm

where m is the mass of the electron.
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Equation 1.22 above suggests that the tunnelling process is only dependent upon
the laser intensity but once w; << wy, the electron does not have enough time to
tunnel through the barrier during one laser cycle. In this case the ionisation should
become laser frequency dependent. This motivates using the ratio between the laser
and the tunnelling frequencies as an indicator of the frequency dependent (hence,

multiphoton) and frequency independent (tunnel) ionisation processes.

wor/21,m
wo _ VIR (1.23)

Wi ek

such that for v << 1 ionisation is taking place in the tunnelling regime and for v >> 1
the ionisation is taking place via the multiphoton process. Hence we can say that we
are in the pure strong field regime for cases where v << 1. For the case where v &~ 1,
there is a mixture of ATI and tunnelling. OTBI is evidently not referred to here
due to the fact that the barrier is suppressed below the ground state energy of the
electron and thus there is no barrier for it to traverse before it reaches the continuum.
Even though it is not inherent in the expression for the Keldysh parameter, strong
field ionisation implicitly requires short laser pulses. This is due to the fact that for
a fixed pulse energy the highest intensity is reached for the shortest pulse duration.
For a longer pulse the ionisation would saturate before peak intensities required for

strong field effects are reached.

It is often more convenient to use the following format of the Keldysh parameter

expression as it directly incorporates the ponderomotive energy:

T;funnel _ i
T’laser 2Up

v = (1.24)

where in this format ~ is the ratio of the time it takes to tunnel through the barrier,

Tiunner to the oscillation period of the laser field Tj 0.
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1.5 High harmonic generation

This section will detail the physics behind the HHG process before going on to extend
this theory to molecules which are the targets relevant to this dissertation. A summary
of the work already performed on large organic molecules with HHG will also be
presented. Chapter 3 will discuss what we propose to achieve by extending HHG
spectroscopy to benzene and substituted benzene molecules.

The 3 step model of HHG [18] [19] is generally accepted as the most appropriate
explanation of the process. This semi-classical description breaks HHG into three
distinct events; ionization, continuum propagation and recombination. Figure 1.4
below illustrates the 3 step model of HHG.

3. Recombination

Laser Field -, ‘,

Atomic/Molecular
Potential

Figure 1.4: Diagram of the 3—step model. The first step involves a portion of the bound elec-
tron wavepacket tunnelling through the potential barrier. The liberated electron wavepacket
is then accelerated along the laser field polarization in the second step. In the third step,
once the electric field reverses direction the accelerated wavepacket is brought back towards
the parent ion where it can recombine to the ground state resulting in the emission of a
harmonic XUV photon.
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1.5.1 Step 1: Ionisation

In the first step a laser field of sufficient intensity is applied to an atomic or molecular
target, typically in the range 10'® — 10® W/cm?. The strong electric field of the
laser distorts the binding potential to such an extent that a portion of the bound
electron wavepacket can tunnel ionise through the barrier and make a transition to the
continuum. In the strong field limit (7 < 1) this picture of the tunnelling mechanism
leads to accurate predictions of the ionisation process. As the barrier is lowered,
its width decreases which makes tunnel ionisation more probable. Tunnel ionisation
occurs with high probability near the peak of the sinusoidally varying electric field
amplitude due to the exponential dependence of the tunnelling rate on the factor
derived by Ammosov, Delone and Krainov (ADK) rate [16]:

2(21p)?
I'=¢e 3k (1.25)

This ADK rate is valid for static fields such that at any instant in time the potential
barrier does not change much while the electron is tunnelling. We can quantify the
meaning of how "much” the barrier changes via the adiabaticity parameter - the
Keldysh parameter [13]. In the case where v << 1 the barrier can be considered as
quasi-static and Ejy in equation 1.25 can be replaced by an oscillating field £(t); this
implies that the exponential in the ADK rate equation 1.25 leads to extremely short
bursts of electrons around the peak of the laser electric field. However it is worth
noting that in a HHG experiment, the Keldysh parameter is in a grey area with
respect to being much greater or much less than 1. For example, using equation 1.26
below we can calculate 7 for the experimental conditions of I, = 9.2 eV, I =5 x 10"
W /cm?, and an 1800 nm drive laser field. In atomic units these values are as follows:
I, = 0.34, wp = 0.0253 for the laser frequency and we get a value of Ey = 0.038 from
using the laser intensity to calculate the field strength. We arrive at equation 1.26

from equation 1.23 using atomic units since h = m, = e = 4dweg = 1.

V2h (1.26)

Eq

Y = Wo
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For the values above we get 7 =~ 0.55. In these circumstances, the tunnelling can
become non-adiabatic such that the barrier moves during the tunnelling [20]. The
non-adiabatic tunnelling rate has been derived; it remains a non-linear function of
the field modulus, just less sharply peaked than the ADK rate [4].

Traditionally tunnelling rates for strong field ionization in both the multiphoton and
tunneling regimes are averaged over the laser cycle. Sub cycle dynamics are of key
importance to processes such as ATI and HHG. The advent of sub two cycle laser
pulses [21] has presented a new tool for probing electron and nuclear dynamics in
molecules which involves the measurement of the absolute carrier envelope phase
(CEP) of the electric field oscillation under the field envelope. In a few cycle laser
pulse the intensity changes from one cycle to the next which makes the cycle averag-
ing inherent to traditional formulations meaningless. The instantaneous laser phase

varies significantly from both the multiphoton and quasistatic regimes.

Yudin and Ivanov [20] have developed a model for calculating the time dependent
ionization rates independent of the value of 7. The model does not depend upon the
quasistatic approximation and is referred to as non-adiabatic tunnelling. Figure 1.5
shows the dependence of the ionization rate, I'(#) on the instantaneous phase of the
laser field.

The tunnelling rate for molecules has to take into account the fact that there are
multiple nuclei in a molecule; this breaks the spherical symmetry of the field free
system which implies that we now need to modify how we describe the molecular
wavefunctions. The MO-ADK [22] also needs to account for the the orientation of
the molecule with respect to the laser polarization. In the case of atoms, the valence
electronic state has well defined spherical harmonics in the region where the wave-
function behaves asymptotically. In the asymptotic region the potential is negligible
and the total wavefunction can be considered as a superposition of plane waves all
with the same absolute value of momentum, hk. To extend this representation to
molecules the approach is to express the molecular wavefunctions as a summation
of spherical harmonics in a one-centre expansion. The asymptotic wavefunction of
a valence electron in a diatomic molecule at large distances from the core can be

expressed in atomic units as:
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Figure 1.5: Dependence of instantaneous ionization rate, I'(§) on phase of the laser field,
6. Data is normalised to I'(0). QS stands for quasistatic and NA stands for non-adiabatic.
The dotted cos(f) represents a single laser cycle. Calculations were performed in He for a
780 nm laser field with an intensity of I = 5 x 103 W/cm? [20]

U™(r) = Z Cim E1 (7)Y (1) (1.27)

l,m
where m is the magnetic quantum number, Y}, are the spherical harmonics and Cj is a
normalisation coefficient such that we can express the wavefunction in the asymptotic

region as:

Zc

Fi(r — o) mrsie (1.28)

where Z, is the charge of the residual ion and £ = |/21,,. In this expression we assume
that the molecular axis is aligned along the electric field polarization so the electron

will be ionised at # ~ 0. This gives a static tunnelling rate for a molecule of:

48



B*(m') 1 2r3 2z 23
|m/| | m |‘ 2Zl (E)Kﬁ\m ~te 3Fo (129>
-

wstat(E07 R) = Z 2

where Ej is the peak field strength. The term B(m') accounts for the orientation
of the molecule relative to the electric field polarization. If the molecule is at an
arbitrary angle R with respect to the laser electric field direction then B(m’) can be

expressed as:

B(m/) = ZOlmDin’,m(QSveaX)Q(l?m,) (130)
l,m

where Dﬁn,vm(gb, 0,x) is the rotation matrix. The summation over I,m accounts for
the breaking of the spherical symmetry by the molecular system. Q(l,m') depends
on the angular momentum of the molecule; m=0 corresponds to a ¢ orbital and m=1

corresponds to a 7 orbital.

The ionization rate is not only dependent upon the orbital symmetry, ionization
potential and molecular orientation with respect to the laser electric field polarization,
but also upon the lasers average electric field strength in the focus and the beams
spatial and temporal profiles. The electric field is taken to be that of a Gaussian

beam and has the form:

EOWO _2in2r2  gpp02
e “@e 12 (1.31)

E(t,r,z) =

w(2)

where w(z) = wg,/1+ %, where wy is the size of the focal spot, zp = % is the
Rayleigh range and ) is the laser wavelength, Ej is the peak electric field strength
of the laser and 7 is the pulse length at full width half maximum (FWHM). For a
molecule that is aligned along R, which defines the Euler angles between the molecular

axis and the laser field direction, the ionization probability can be expressed as:

P(E,R) =1 — e[~ J«(ER) (1.32)
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In order to be able to compare this to what can be measured experimentally we need

to calculate the ionization signal which can be expressed as:

So(R) x /P(E,R)Qm‘drdz (1.33)

for molecules that are aligned in a direction defined by the Euler angles R. The
integration can be performed on an equi-intensity surface - this will reduce the two-

dimensional integration to a one-dimensional integration.

If the molecules are randomly oriented then the ionization signal can be calculated

as:

Sy o / So(R)dR (1.34)

Tong et al. [22] have applied this theory for calculating the ionization rates for
homonuclear diatomic molecules such as Dy, Hy, Oy and Ny compared to atoms of a
similar ionization potential such as xenon for O,. Calculations have been compared
to experimental data and good agreement is made for the cases where the molecule
exhibits ionization suppression (i.e. Dy and O) and for the cases without supression
(i.e. Ng). Stapelfeldt et al. [23] have also applied MO-ADK to nonlinear polyatomic
molecules of different point group symmetries such as benzene and fluorobenzene.

This work is also in good agreement with what we expect.

Murray et al. [24] have investigated the reliability of this MO-ADK method and
how it relates the tunnel ionization rate to the ionising orbitals electronic density
profile. Intuitively it is expected that that tunnelling rate will peak along the most
spatially extended component of the HOMO. Indeed, this is what the MO-ADK
theory predicts. In CO,, the tunnelling rate is expected to peak at an angle of 30°
between the laser field and the molecular axis. In the experiment it has been observed
that this sharp peak in ionization actually occurs at an angle of 45°. The modified
tunnelling rate theory developed by Murray et.al [24] infers that this a general trend

in polyatomic molecules. The tunnelling rate can be written as:
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where 77 = k/Ey The first term, I'4 ¢ is simply the standard tunnelling rate for

R(6;) (1.35)

an atomic s orbital with no angular structure. The second term, R(f) takes into
account all aspects of the orbital structure including the interference of tunnelling
currents which arise from different lobes of the orbital. In order for the theory to
be extended to molecules in a more complete manner it has to take into account the
contributions from lower lying orbitals and to a lesser extent the effect of the linear
Stark effect on the ionization potential due to the orbital dipole [25]. The linear Stark
effect increases or decreases the ionization potential when the laser field polarization is
parallel or antiparallel, respectively, to the orbital dipole. It is important to stress that
in general absolute tunnelling rates are not necessary for interpret a HHG spectrum
from a molecule but are critical in cases where the orientational dependence of the

molecule is fundamental.

1.5.2 Step 2: Continuum propagation

In the second step of the HHG process the electron wavepacket that has tunnelled
through the suppressed barrier is born into the continuum and moves in response to
the laser field, first it is accelerated away from the parent ion before returning after
the laser field reverses direction; typically after a quarter of an optical cycle. The
propagation of the electron in the continuum can be very well described classically as
the motion of a charge in an oscillating electric field. The motion is dictated by the
phase of the field when the electron is ionised, the laser field frequency and the laser

field amplitude. The equation of motion is given by:

d*x e

— = — Fycos(wt + 1.36

dt2 M 0 ( (rb) ( )
We set the initial conditions such that a portion of the electron wavepacket is liberated
from the parent molecule at time ¢, with zero initial kinetic energy; v(to). It is also a

necessary boundary condition that the electron wavepacket must return to its parent
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ion in order for recombination to occur.

dz

) (1.37)
dti,_,
z(ty) =0 (1.38)
The solutions for z(t) and v(t) are as follows:

E

o(t) = ‘Z - ;Z [sin(wt) — sin(wty)] (1.39)
GEO .

x(t) = R [cos(wt) — cos(wty) — w(t — tg)sin(wty))] (1.40)

The kinetic energy can be very easily calculated from the expression Fy;,(t) =
Tmev?(t):
Epin(t) = 2U, [sin(wt) — sin(wt)]? (1.41)

elEo|®
dmew?

ponderomotive energy is the energy acquired in the continuum as it is accelerated in

where U, = is the ponderomotive energy that was discussed in section 1.3. The
an oscillating laser electric field. We can write the ponderomotive energy over one

laser cycle as:

Uy[eV] = 9 x 10M1)\? (1.42)

where I is the laser intensity in units of W/cm?

and A is the laser wavelength in
pm. The spectrum of radiation emitted upon recombination of the electron with the
parent ion is given by Exyy = 3.17U, + I,. The 3.17U,term arises from equation
1.41 where sin(wty) = 17° is the phase of ionization and sin(wt) = 255° is the phase

of recombination. Thus if we want to maximise the spectrum we observe, we need to
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increase U, as we have no control over the target ionization potential for a given atom
or molecule. The ponderomotive energy scales linearly with intensity and quadrati-
cally with wavelength. Increasing the intensity has many limitations; presently we are
confining this discussion to single molecule HHG but the role of intensity will become
important when we discuss the macroscopic response in section 1.6. In the case of
working with the organic molecules, using a high intensity can easily induce ionization
saturation and molecular fragmentation which are detrimental for performing HHG
spectroscopy on these molecules. It is also useful noting that a very high (> 101°
W /cm? intensity can imply the ]§ field component of the electromagnetic field is no

longer negligible which can start to play a role and interfere with the HHG process.

Alternatively, the drive wavelength can be increased [26] [27]. The technology to do
this will be elaborated upon in Chapter 2. The \? scaling of the cutoff frequency is
offset by an unfavourable conversion efficiency from the laser energy into XUV energy
of A=4=6) " This scaling can be attributed to the spatio—temporal spreading of the
electron wavepacket in the continuum [28]. Due to the fact that the molecules we
are interested in performing HHG spectroscopy on have quite low ionization potential
values (< 10 eV) it is preferable to keep the drive intensity low to prevent ionization
saturation. It is also more practical to increase the drive wavelength as these molecules
are carbon heavy (contain carbon—carbon bonds) and their nuclear dynamics are
expected to be on the few femtosecond timescale so we need to ensure that the cut-off
frequency is as high as attainable so we can get a thorough snapshot of the dynamics
in these molecules from our HHG spectra.

The time at which the electron wavepacket is born into the continuum is important
as it dictates if the liberated wavepacket will follow a short or a long trajectory.
Figure 1.6 is the calculated electron trajectories for an 800 nm field with an intensity
of 1 x 10" W /cm?. Electrons that are born into the continuum between the peak of
the field and 1/20th of a cycle follow "long trajectories”. Analogously, electrons that
are launched into the continuum between 1/20th of a cycle and the zero crossing of
the electric field follow "short trajectories” Electrons that follow short trajectories
follow the shortest path and return with relatively low energy as they have not spent
a long time being accelerated by the electric field. Long trajectories have the opposite
dependence, the electrons spend longer in the field and return with smaller energy.
For electrons that are born at 1/20th of a cycle after the field peak, the short and
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Figure 1.6: Classical calculation of the short and long trajectories from an 800 nm field
with a peak intensity of 1 x 10'* W /ecm?. The black solid line represent a non—returning
electron which is ionised at t= 0.1 fs.

long trajectories converge and have the highest energy upon return which gives rise
to the cut-off. We will return to the discussion of trajectories when we introduce the

macroscopic effects.
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1.5.3 Step 3: Recombination

In the final step of the 3 step model, the electron that has been accelerated in the
continuum and has been gaining energy is brought back in the vicinity of the parent
ion to which it recombines and results in the emission of a high energy photon. This
process happens with the same properties every cycle of the laser field for a multi-
cycle driving laser pulse. The process is repeated with inversion symmetry every half
cycle of the field meaning that the recollision direction of the electron wavepacket in
the continuum changes sign. In a spectrometer the contributions of the individual
XUV bursts interfere, and because the process is repeated every cycle with the same
properties, the spectrum consists of harmonics of the driving laser field. Due to the
inversion symmetry of the process the HHG spectrum only contains harmonics that
are odd multiples of the driving laser field [4] - provided that the driving field is single
colour. The inversion symmetry can be broken by using a two colour driving field
such that the spectrum will contain both odd and even harmonics of the driving laser

field [29]. A schematic of a typical HHG spectrum is shown in Figure 1.7.
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Figure 1.7: Diagram of the characteristic shape of a typical HHG spectrum

Since it was first demonstrated [3], HHG has been performed in a diverse range of
media consisting of atoms, molecules and clusters and with many targets such as

solid targets,continuous gas jets, gas cells and gas filled hollow waveguides. As seen
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in Figure 1.7, there is a rapid drop in signal in the first few orders, followed by an

extended plateau of harmonics and finally a cut-off at the highest orders.
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Figure 1.8: Ionization and recombination times for short and long trajectories from an 800

nm laser field with an intensity of 1 x 10* W/cm?. The left vertical axis represents the

electron kinetic energy in terms of ponderomotive energy/ The right vertical axis shows the
laser electric field amplitude

As shown in Figure 1.8, ionization can occur at a range of times around the peak of the
electric field. Components of the electron wavepacket born at different times follow
different trajectories, and gain varying amounts of energy from the field. There-
fore each harmonic has a different emission time which implies that the electron
wavepacket that has been accelerated in the continuum is chirped [30] [31]. Naturally
this chirp needs to be compensated for in experiments where measurements are to
made using the attosecond duration XUV pulses such that they will have the mini-

mum possible duration [32] [33]. The chirp of this wavepacket can be thought of as
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a clock per se. Taking just the case where the short trajectories are present we can
see that for each short trajectory the electron returns to the parent ion at a differ-
ent time delay and each is associated with a different electron kinetic energy at the
point of recollision. Higher order harmonics are generated at successively longer time
delays. This inherent characteristic of HHG provides a one-to-one mapping between
temporal delay and photon frequency otherwise known as time-frequency mapping.
The application of time-frequency mapping to HHG Spectroscopy will be discussed
in chapter 3.

As shown in Figure 1.9, there is a clear relationship between the harmonic orders
and the arrival time of the returning electron. The time window over which we can
clock ultra-fast processes is limited by the maximum excursion time of the electron in
the continuum - the cut-off. Plotted in Figures 1.9 and 1.10 are the time—frequency
mapping plots as a function of drive wavelength and intensity respectively. Expres-
sions for the electron wavepacket excursion times in these plots for both the short
and long trajectories as a function of harmonic order were derived by Zair et.al [34].
As shown in Figure 1.9, if using the 800 nm laser field, the plateau harmonics from
short trajectories give a time window of 0.9—1.6 fs and for the long trajectories this
window can be extended to 2.4 fs. Increasing the wavelength to 1300 nm gives a
maximum possible time window of 4 fs. The linear relationship between the time
window size and the drive wavelength is evident; even just using the short trajectory
emission from the 1800 nm laser field extends the time window to 4 fs, or in excess of
6 fs is using the long trajectory emission. Since we are working with molecules that
are predicted to have femtosecond timescale dynamics it is necessary for us to work
in the mid-IR at the idler wavelengths.
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Excursion time as a function of drive wavelength

90 . . . . .
80t -
C6H6
20l |5.0x 10" wicm? |
60} Short 1800nm |
ks Trajectories
S 50 Long 1
E Trajectories
g 40 8
T
I
30t -
20t -
10} -
0 | | | | |
0 1 2 3 4 5 6

Excursion Time (fs)

Figure 1.9: Excursion time of an electron in the continuum as a function of drive wave-
length. The black lines represent the short trajectories and the blue lines represent the long
trajectories which converge to the cut—off trajectory. The tails for each of the plots is not
physical and emerges as an artefact of the calculation. This calculation was performed on
benzene I,= 9.2 eV. Calculations done by F. McGrath.

Plotting the time-frequency mapping as a function of varying laser intensity is shown
in Figure 1.10. It is clear from this plot that increasing the laser intensity does not
modify the time window but it does affect the temporal resolution.

For a given laser wavelength, the cut-off energy will always correspond to the same
excursion but as we see increasing the intensity implies that there are more harmonics
in the time window at higher intensity values. Note that for this plot it is a single

colour generating field so it is only odd order harmonics that are present in the time
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Excursion time as a function of field intensity
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Figure 1.10: Time—frequency mapping as a function of field intensity for the benzene
molecule and a drive wavelength of 1800 nm.

window. Increasing the intensity is analogous to having more frames in a movie
sequence; this means we will have more points at which we can measure dynamics in

the large organic molecules.
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1.6 Phasematching in HHG

So far only the single atom response has been considered in the discussion of HHG.
In reality the overall XUV that is generated arises from the coherent sum of many
atoms involved in the process. In order to permit constructive interference it is im-
portant that the HHG field is in phase with the driving laser field over the interaction
length. Take the example of having two emitters — each will individually emit radi-
ation with a fixed phase from the fundamental beam. The phase difference between
these emitters determines if the signal adds up constructively or destructively. The
process of ensuring that all emitters emit radiation at the same phase is termed phase
matching. This allows for signal to build up over a number of emitters which leads to
the efficient generation of radiation [35] [36] [37]. The phase mismatch can be written

as follows:

Ak = qko — k, (1.43)

where Ak is denoted the wave vector mismatch between the fundamental fields wave
vector, ko and the ¢ harmonic’s one, k,. For the case where Ak = 0 the harmonic
signal adds up coherently, essentially this is the ideal situation where there is no
mismatch, until the fundamental beam is depleted. On the other hand for the Ak # 0
the harmonics are propagating at different speeds in the medium such that harmonics
will interfere constructively and destructively as the field propagates through the
medium. The distance over which the signal adds up constructively or destructively
is known as the coherence length, L., = <% [35]. Ak has contributions from a
number of sources primarily dispersion, geometric and intrinsic phases. With this in

mind the total phase mismatch equation becomes:

Akl = AR+ AKY + AK (1.44)
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1.6.1 Material Dispersion

Ak‘ff is the mismatch associated with material dispersion. In the presence of a suffi-
cient intensity and a high gas density the fundamental beam can ionise the medium
leading to a free electron population that induces a phase shift of both the laser and
harmonics as the refractive index changes. There are two contributions to this term
— dispersion from neutral atoms/molecules and dispersion from charged particles.

It is often more convenient for the experimentalist to express the mismatch from
the neutral atoms/molecules in terms of atomic polarizability, a and the atomic gas

density Ngy:

qwoNar (gt — )
2c

Ak = (1.45)
This expression is intuitive as it illustrates a direct relation between the phase mis-
match and the atomic density, the latter is partially governed by the pressure of the
gas jet.

The second component of the mismatch from dispersion is due to charged particles
such as free electrons. Ionization of the gas medium by the fundamental beam pro-
duces a free electron population that induces a phase shift of both the laser beam and
the harmonic beam as the refractive index changes. Hence the total contribution to
material dispersion can be written as the sum of the neutral particle dispersion and
that of the charged particles [35]:

(¢ = )w> Noy N qwoNat (ad" — )

Akg = Ak + Ak = = "

(1.46)
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1.6.2 Geometric Phase

The geometrical phase arises from the focusing of the laser beam, Egeo(r, z) [38]. As the
beam is focused in the focal volume there is a phase shift induced by the curvature of
the wavefronts. Evidently this term becomes important when tight focusing geometry
is implemented. We first analyse the Egeo(r, z) term which denotes the geometrical
phase accumulated by the beam going through the focus, also known as the Gouy
phase [35]. Along the propagation axis the Gouy phase is given by the expression

below.

Pgouy(2) = —arctan(;) (1.47)

This phase is dependent upon the ratio of the distance from the focus to the interac-
tion zone, z, to the Rayleigh range, zg. The Rayleigh range is defined as the distance
from the focus where the area of the beam has doubled as compared to its thinnest
waist, wy. The confocal parameter, b, is defined as twice the Rayleigh range. Plotted
in Figure 1.11 is the Gouy phase shift through the focus for two values of zz which
shows that a smaller Rayleigh range (implying tighter focusing of the beam) leads to
steeper phase gradients so the signal is harder to phase match under these conditions.
The Gouy phase is the phase flip that the laser beams wavefronts undergo as they
propagate through the focus. For » = 0 along the propagation axis the Gouy phase
flips from 7 to —7; a total phase of 7 is accumulated when going through the focus.
Hence the wavefronts that pass through the focus will advance faster than those that
do not [35]. In the absence of dispersion the fundamental wave vector, k; is related
to the ¢ harmonics wave-vector k, by k, = gk;. Thus, the total geometrical wave-
vector, kg, is the sum of the spatial differential of the Gouy phase in addition with

the fundamental wave-vector:

kgeo = kO + v(bgouy (148>

Since tight focusing is the factor permitting the manifestation of this mismatch
(Lih << 1) as loose a focusing geometry as possible is recommended to minimise

the contribution of this term to the phase mismatch .
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Figure 1.11: Plot of the Gouy phase shift through the focus for two values of zgp: the red
curve is for zg = 0.1 mm and the blue curve is for zg = 1 mm. This plot illustrates that
the tighter the focusing conditions are, the steeper the phase gradients will be.

1.6.3 Atomic Dipole Phase

Another contribution to the phase mismatch we consider is that of the phase of the
dipole moment accumulated as the electron is accelerated in the continuum [39] [40].
The electron accumulates phase from the moment it enters the continuum until it
recombines. Here we can introduce the following notation for the phase term ¢£t7q:
q, as before is the harmonic order, « is a coefficient associated with the trajectory, at
denotes atomic for the phase term, and j is the trajectory type; 7 = 1 being the short
trajectory electrons and j = 2 being the long trajectory electrons [41]. For a single

emitter the atomic dipole phase is:

(bit’q(r,z,t) R~ —aé[(r, 2, t) (1.49)
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The atomic phase has the following wave vector, K:

Kaw = Vel (1, 2) (1.50)
~ —alVI(r, z) (1.51)

The difference in « coefficient between the long and short trajectories results in dif-
ferent spatial properties, long trajectories being much more affected by the spatial
gradients of the generating field. The phase for a given harmonic is intensity de-
pendent because of the dependence of the excursion time of the electron responsible
for the emission of that particular harmonic order upon the intensity. An increased
intensity corresponds to a shortening of the excursion time for the emission of a given
harmonic order for short trajectory electrons whereas a longer excursion time is inher-
ent for the long trajectory case. This mismatch becomes significant in tight focusing
regimes and with the application of higher intensities since the intensity dependence
is inherent in the HHG process.

Phasematching also influences the prevalence of short or long trajectories in the
HHG spectrum. Calculations performed by Chipperfield et.al [42] incorporating
pulse broadening during propagation, geometrical phase and atomic dipole phase
are shown in Figure 1.12 below. These phasematching maps illustrate the best re-
gions for phasematching for short or long trajectories. Inspection of the maps shows
that phasematching is optimal on—axis and downstream from the focus with a low
divergence for the short trajectories. On the other hand the long trajectories are best

phase matched off axis before the focus of the laser and are more divergent.
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Figure 1.12: Phase matching maps for short(left) and long(right) trajectories of the 21st
(a,b), 35th (c,d) and 45th (e,f) harmonics in neon driven by a 750 nm laser field at an
intensity of 4x10' W/cm?. The red arrows represent the direction of the best phase-
matching. [42]

It is evident that HHG is a process that is very sensitive to the phasematching.
Circumventing the dispersion induced by free electrons can be achieved by using an
intensity that is below that of the saturation intensity of the medium and using low
sample densities. Keeping the medium length of the target shorter than the confocal

parameter is also essential for minimising propagation effects and distortions to the
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pulse that is inducing the HHG process. From an experimental perspective, the
influence of the various target configurations on the phasematching will be discussed

further in the next chapter.

1.7 Basic molecular physics

All the experiments that will be presented in this dissertation have focused on re-
vealing molecular structure and dynamics in organic molecules such as benzene and
halogenated benzenes. Molecules present very interesting environments for ultra-
fast experiments; their additional degrees of freedom lead to both the nuclear and
electronic dynamics influencing them. The "Holy Grail’ of attosecond science is to ul-
timately be able to track the motion of electrons in complex molecules and to be able
to control and drive electron motion in these molecules. Many fundamental questions
can also be addressed such as the validity and breakdown of the Born-Oppenheimer
approximation. The Born—Oppenheimer approximation exploits the fact that the
masses of the nuclei are much greater than that of the electron. We can thus expect
that the nuclei will move much more slowly than the electron. This leads to the
assumption that the electronic motion and the nuclear motion in molecules can be

separated which is the basis for the Born—Oppenheimer approximation. [43] [44].

1.7.1 The electronic wavefunction

In atoms, bound electrons are contained within an atomic potential and the nucleus
is considered to be a point like ion. The motion of each electron is represented by a
wavefunction of the form ¢ (x, y, z). The probability of finding an electron in a volume
element dv = dx.dy.dz is expressed by the square of the wavefunction |i(z, v, 2)|*dv
and is known as the atomic orbital (AO) [45].

When the two atomic orbitals are bought together their electronic wavefunctions
overlap resulting in the formation of a new electronic state. This new electron wave-
function is known as a molecular orbital and can be envisaged by applying the Linear
Combination of Atomic Orbitals (LCAO). This can be quantified as follows:

qjmol(xa Y, Z) = CA\IJA<:U7y7 Z) + CB\IJB(x7y7 Z) (152)
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In HJ there are two possible outcomes. ¥, and ¥p are the wavefunctions of atoms
A and B. C4 and Cp are normalisation coefficients, the square of these coefficients
represents the relative proportions of the atomic orbitals contributing to the resul-
tant molecular orbital. In the trivial example of a homonuclear diatomic molecule,
an electron can be found in either orbital A or orbital B thus the squares of these
coefficients must be equal which implies that Cg = +C4. As equation 1.52 infers,
the molecular electronic wavefunction can exhibit a bonding V,,,,, = Ca¥ 4 + CgV¥p
or an antibonding V,,,, = C4 V4 — CWp orbital. [45].

The symmetric sum leads to a bonding orbital where the electrons are localised in
between the nuclei, the repulsion between the nuclei is minimised and the electron-
nucleus attraction is increased. The resultant molecule has a stable, low energy
configuration. The form of this orbital is shown in Figure 1.13. This illustration is also
accompanied by that of the bonding molecular wavefunction along the internuclear
axis. This orbital is known as a o orbital because it resembles an s orbital when
viewed along the axis. Taking the Hj ion, there is a single 1o electron so the ground

state configuration can be described as 1o
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Figure 1.13: Top: The formation of a bonding molecular orbital (a) Two H 1s orbitals come
together (b) The orbitals overlap, interfere constructively and yield an enhanced amplitude
in the internuclear region. The resultant orbital has cylindrical symmetry about the in-
ternuclear axis. Bottom: The bonding molecular wavefunction along the internuclear axis.
The enhanced amplitude between the two nuclei indicates there is an increased probability
of finding the bonding electrons in that region [45]

The anti-symmetric sum results in an antibonding orbital wherein the electrons are
localised in a region outside the two nuclei and hence a repulsion results between the
two nuclei. Due to the fact that the positive charges are not shielded from each other
like in the bonding case, the minimum energy configuration can only be reached at
infinite separation. As in the case of the bonding orbital because this configuration

is also cylindrically symmetric around the internuclear axis it is also a sigma orbital
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but denoted as 1o*. This orbital has not only higher energy than the corresponding
o orbital but also is of higher energy than either of the two atomic orbitals. The
origin of this high energy trait can be attributed to the existence of a nodal plane
— a plane on which the wavefunction passes through zero. This plane lies halfway
between the nuclei and cuts through the internuclear axis. The two atomic orbitals
cancel on this plane due to their destructive interference because they have opposite

signs. The antibonding molecular orbital is shown in Figure 1.14.
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Figure 1.14: Antibonding molecular wavefunction along the internuclear axis. The de-
creased amplitude between the nuclei infers that there is a low probability of finding an
electron in that region [45]
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It has been noted that a molecular wavefunction which is cylindrically symmetric -
the molecular orbitals are unchanged by any rotation about the axis -is denoted as
a o orbital. A molecular orbital which vanishes on the plane through the nuclei is
known as a m molecular orbital. In a similar fashion to denoting that an antibonding
o orbital is represented as ¢* we can apply the same nomenclature to an antibonding
7 orbital as 7*. It is also necessary to characterize molecular orbitals according to
their symmetry about the centre of the molecule. As illustrated in Figure 1.15 below,
consider any point of the said sigma bonding orbital and project it through the centre
of the molecule and out an equal distance the other side, arriving in an identical value
of the wavefunction - this is known as g symmetry (even) such that we have o,. In the
same manner for a wavefunction that is projected through the centre of a molecule and

arrives at a wavefunction of equal magnitude but opposite sign we have u symmetry
(odd).

O.

Figure 1.15: The gerade (g) and ungerade (u) character of ¢ bonding and antibonding
orbitals [45]
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1.7.2 Energy spectrum

Molecular energy levels are qualitatively comparable to those in atoms, however the
addition degrees of freedom due to rotation and vibration need to be accounted for.
Calculations are simplified by invoking the Born-Oppenheimer approximation [43]
[44]. In essence this approximation separates the electronic from the nuclear parts
of the wavefunction. Due to the nuclei being much heavier than the electrons we
can regard them as stationary while the electrons move around them. In a molecule,
to each electronic state, F, there are many bound vibrational states of energy FE,,

and to each vibrational state there are many bound rotational states of energy E,. [46].

For a given electronic configuration there is a potential energy curve whose minimum
is at an equilibrium separation of Ry. Near Ry this curve can be approximated as a
parabola such that small oscillations can be considered simple harmonic. The energy

of such oscillations can be quantised to satisfy the relation:

1
E,=(v+ §)hv0 (1.53)

where v is the vibrational quantum number v = 0,1,2,3,..., and the classical vibra-
tion frequency is vy = %\/g , where C is the force constant and p is the reduced mass
of the system. The separation, hvy is 0.04 eV in NaCl and because the dissociation
energy is 1 eV, there are approximately 20 vibrational levels in a potential well. As
the energy rises the potential energy curve becomes anharmonic such that the levels
are not equally separated but begin to get closer together. The rotational levels are
also spaced closer together, there being 40 rotational levels for NaCl in between each
pair of vibrational levels [46]. The rotational motion of a diatomic molecule can be
envisaged as the rotation of a rigid body about its centre of mass as illustrated below

in Figure 1.16.

The angular momentum of the system about the axis of rotation is quantized such

that the rotational energies are given by:
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Figure 1.16: Simplified schematic of a diatomic molecule consisting of two masses m; and
mg rotating about their common centre of mass (CM) with separation Ry [46]

h2
E.=—JJ+1 1.54
I+ ) (154)
where J is the rotational quantum number, J = 0,1,2,3.... and I is the rotational

inertia. Successive rotational levels are separated in energy by:

h? h?
AB, =By =By = - [+ )= J(J =1)] = —J (1.55)

Rotational energy level distribution of molecules is dependent upon the geometry of
the constituent atoms. There are four main classes of geometry known as linear,
symmetric top, spherical top and asymmetric top molecules. These structures will
be revealed to be of high importance when discussed in the context of molecular

alignment.
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1.7.3 Molecular orbital theory: quantum mechanics of mul-

tiple electrons

The energy and other properties of a molecular system may be obtained by solving the
Schrodinger equation. The nuclei and electrons of a molecule can be fully described by
properties such as their mass and their charge. The Schrodinger equation is written

as:

{ I e +V} (e, 1) = P I¥EY

— 7 1.56
m2m 2 Ot ( )

H

In this equation, ¥ is the wavefunction, m is the mass of the particle, h is Plancks
constant and V is the potential field in which the particle is moving. The wavefunction
is a function of the coordinates of the positions of the electrons and nuclei of the
molecule as well as t. We can designate r and R as the coordinates for electrons and
nuclei respectively. Subscripts on each of these vectors corresponds to a particular
electron or nucleus: r; and R;. The Hamiltonian operator,H, describes how the
system evolves over time. The molecular Hamiltonian contains a kinetic energy and
a potential energy term such that H = T 4 V. The kinetic energy term can be

written as a summation of V2 over all the particles in the molecule [47]:

h? 1 [ 0 0? o?
— =+ =—=+= 1.57
(axz Yo o7 157
The potential energy term is the Coulomb repulsion between each pair of charged
particles in the molecule where we treat each atomic nucleus as a single charged

mass:

ve Ly as (1.58)

47T€0 7 k<j A’I"jk

where Arjy, is the distance between two entities, e; and e, are the charges on particles

j and k respectively. The charge on an electron is -e while for a nucleus the charge is
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Ze, where Z is the atomic number for the particular atom. We can expand equation

1.58 to be [47]:

electrons
1 electrons nuclei ZI ZJ€ )
vV — 1.59
4meg Z Z <A7“z1> 21:; ( w) ;%( ARy ( )

The first term describes the electron-nuclear attraction, the second term corresponds
to the electron-electron repulsion and the final term represents the nuclear-nuclear
repulsion. The Schrodinger equation for molecules can be further simplified by invok-
ing the Born—Oppenheimer approximation. In essence, this approximation separates
the nuclear and electronic motions in a molecule. It is a reasonable approximation
since the mass of a typical nucleus is greater than two orders or magnitude heavier
than that of an electron. The nuclei move slowly relative to the electrons so one can
imagine that the electrons respond instantaneously to changes in nuclear position.
Essentially the nuclei appear fixed to the electrons and the electronic motion can be
described as occurring amongst fixed nuclei [44]. The Born—Oppenheimer approxi-
mation allows one to construct an electronic Hamiltonian which excludes the kinetic
energy term for the nuclei. This Hamiltonian can be used in the Schrodinger equation

to describe the motion of the electrons in a field of fixed nuclei:

—

Helec¢elec(ﬁ’ R) — Eeff¢elec(F, f{) (]_60)

Solving equation 1.60 for the electronic wavefunction gives the effective nuclear po-
tential function, E¢//. E¢// depends on the nuclear coordinates and describes the
potential energy surface (PES) of the system. Furthermore, it is also used as the

effective potential for the nuclear Hamiltonian which can be written as [47]:

Hnucl — TTLUCZ(]__:{) + Eeff(ﬁ) (161)

This Hamiltonian describes the vibrational, rotational and translational states of the
system when it is solved using the Schrodinger equation for nuclear motion. Invok-

ing the Born—Oppenheimer approximation means we are now focusing entirely on
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solving the electronic Schrodinger equation. A further approximation can be applied
to further simply the problem at hand, by applying Hartree—Fock (HF) theory [47].
At its very basic, HF theory assumes that the potential energy of each electron in
a given molecule is an average over the motions of the other electrons. Molecular
orbital theory decomposes the wavefunction into a combination of molecular orbitals
which are a normalized, orthogonal set of orbitals. This is realised by forming the

Hartree product which is given by:

P(T) = ¢1(r7)Pa(r3) . .. dn(ry) (1.62)

Equation 1.62 is an inadequate representation of the wavefunction as it is not antisym-
metric. This problem can be mitigated by multiplying a molecular orbital wavefunc-
tion by an « or [ function which includes the electron spin in the overall electronic
wavefunction [47] [44]. A Slater determinant is a determinant of spin orbitals for an
N electron system. There are % molecular orbitals and electrons are assigned to these
orbitals in pairs of opposite spin for a closed shell wavefunction. Interchanging two
electrons implies swapping two rows of the determinant which does result in a sign
change to the wavefunction. Molecular orbitals can be expressed as linear combina-
tions of a set of one—electron functions known as basis functions. A molecular orbital

can be expressed as:

N
(bi = Z CM'X# (163)
p=1

where ¢,; are the molecular orbital expansion coefficients and x,, refers to an arbitrary
basis function. Gaussian-type atomic functions are commonly used as basis functions
in electronic structure calculations. Gaussian functions can be represented by the

general expression:

g(a,T) = caybze " (1.64)

where c is a normalisation constant, a,b,c control the angular momentum such that 1

= a+b+c, r is composed of the x, y, z coordinates of the electron, a governs the radial
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extent of the orbital; for instance a small value for a gives a diffuse function meaning
that the electron is held at a considerable distance from the nucleus. Examples of
Gaussian functions for s and d,, type orbitals are given by equations 1.65 and 1.66

below, respectively [47]:

gula, ) = (20‘> e—or (1.65)

™

(1.66)

1
204807\ , __ .
971‘3 xr e

goo.(0,F) = (

Linear combinations of these primitive Gaussian functions are used to construct the
basis functions and are able to approximate the nodal properties of atomic orbitals.

These basis functions are known as contracted Gaussians and take the form:

Xp = Z dupgp (167)
p

where the d,, terms are fixed constants within a given basis set. Following these

constructions we arrive at the following expansion for molecular orbitals:

G = CuiXu =D Cui (Z dup9p> (1.68)
0 n )

This expression is valid for closed shell systems. Once the electronic wavefunctions
and corresponding energies have been calculated for a closed—shell molecule using the
Hartree—Fock method (also known as the Self—Consistent Field (SCF) method), the
ionization of the molecule can be approximated. This is done by invoking Koopmans
theorem [44]. Koopmans theorem states that ionization, which consists of the removal
of an electron from a closed—shell molecule, can be represented as the removal of an
electron from a given self—consistent field orbital, leaving the remaining electrons
unaffected, or in other words, that the ionization energy is equal to that of the orbital

from which the electron came from. Koopmans theorem neglects effects such as the
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difference that arises between the correlation energies of the neutral and the ion since
Hartree—Fock neglects correlations between electrons of opposite spin. It also fails to
account for the reorganisation of the energy of the electrons in the ion; essentially the
charge distribution of the electrons in the neutral gives rise to an effective potential for
each particular electron and the removal of an electron will naturally alter this effective
potential. Koopmans theorem is assuming that this change in effective potential is
negligible.

Hartree—Fock theory can also be extended to open shell systems — unrestricted
Hartree—Fock — by introducing two separate expansion coefficients, one treating
the « electrons and one to treat the § electrons [47]. The a and /3 spin functions can

be defined as follows:

at) =1 a(l)
A1) =0 B

This is a basic introduction to how the problem of solving the electronic Schrodinger

0
1

equation can be approached in the case of molecules. Whilst there are a number
of fundamental flaws with a methods such as Hartree—Fock such as the inability to
correlate the motion of electrons of opposite spin, it remains a good starting point
for introducing more elaborate electronic structure methods. These will be briefly
discussed when the Strong Field Approximation (SFA) [48] calculations are introduced

in section 1.8.

1.7.4 Molecular orbital theory applied to benzene

The benzene molecule is built from hydrogen atoms (1s!) and carbon atoms

(1s*25°2p,2p, ). Since each carbon atom has to bond with three atoms (one hydrogen
and two carbons) and it has not enough electrons to form the necessary bonds, it
must promote one of the 2s? pair into the empty 2p, orbital in order to minimize the
energy of the system for stability. Each carbon is only joining up with three other
atoms so it only hybridises three of the four of its orbitals; the 2s, 2p, and 2p, atomic
orbitals to form sp? hybrids. Each carbon atom uses the sp? hybrids to form sigma
bonds with its two carbon and one hydrogen neighbours. The remaining 2p, orbital
is at right angles to the hybrid orbitals. The p electron on each carbon atom overlaps
with the p orbital either side of it; this overlap forms a system of pi bonds which are

spread over the carbon ring [44]. Since the electrons are no longer shared between
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two carbon atoms but are spread over the whole ring the electrons are said to be

de-localised as shown in Figure 1.17.

&

TU electron charge density g
O electron charge density

Figure 1.17: Schematic of the m and ¢ electron charge density on the benzene ring

78



The molecular orbitals of benzene are shown in Figure 1.18. The orbitals displayed are
ranked in terms of increasing ionization potential. The Highest Occupied Molecular
Orbital (HOMO) of benzene is of 7 character and has an ionization potential of 9.2 eV;
this orbital is also degenerate. The next lowest lying orbital is that of the HOMO-1

(11.53 ¢V) which is also degenerate but is of o character.

HOMO

lonization Energy (eV)

Exptl. SCF MO [4-31G]
I,(eV) MO Character

} 9.25  ley, {g;; Z:} HOMO
{
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as) d} HOMO-1

1
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3
4
5 12.38 la,, (17) 71> HOMO-2
6
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8
9

HOMO-1
} 11.53  3ey

S {(16) g
1u (15)

14. 86 165 (14)

15. 46 25, (13)

10 16. 84 3a,, (12)

HOMO-n

Q o Q9 9

HOMO-2

Figure 1.18: Left: Photoelectron spectrum from benzene with a table showing the cor-
responding energies of the peaks. The final column of the table lists the orbital symme-
tries [49]. Right: Orbitals of benzene for the HOMO, HOMO—1 and HOMO-2 plotted
using the GAUSSTAN electronic structure program
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Benzene is a very interesting molecule in the context of performing experiments to
extract electronic and nuclear sub—femtosecond dynamics. Benzene is a highly sym-
metric molecule belonging to the Dgj, point group [50] [44]. Group theory can be
used to determine the structure of a molecule. Symmetry is classified by the ability
to carry out rotation or reflection operations to rearrange some or all of the atoms in
a molecule to result in a structure that is indistinguishable from the initial arrange-
ment. As point group theory is a very broad and extensive area, this thesis will only

describe the primary operations and the relevant point groups.

The main/principal axis, denoted as C,, is an n—fold rotation axis with n operations
through multiples of (%)O each of which leaves the resulting molecule indistinguish-
able from the original arrangement. As there are six carbons in benzene, it can be
rotated six times at 60° rotations per operation implying that its principal axis is
described as Cg. Lower order n axes also exist as shown in Figure 1.19. The Cg axes
can also be represented as a C3 or Cy axes which is easy to see. There are also C,
and C, rotation axes which bisect the atoms and the bonds respectively. There are

also three classes of reflection planes:

e a horizontal mirror plane, oy, is one which is perpendicular to the main rotation

axis.

e a vertical mirror plane, g,, is a mirror plane which contains the main rotation

axis.

e a dihedral mirror plane, o4, is a vertical mirror plane which bisects the bonds

of the molecule.

These rotation and reflection operations are represented in Figure 1.19. There is also
an inversion operation which entails moving every point (z,y,2) to the corresponding
position (z’,y°,2"). Molecules with an inversion centre can also be described as being

centrosymmetric [50].
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Figure 1.19: Rotation and reflection symmetry operations for the Dgj benzene molecule

There are also identity, F, and improper rotation, S, operations. Identity implies
performing a 360° rotation about the principal axis and is the equivalent of doing
nothing to the molecule. Improper rotation consists of performing a rotation about a
C,, axis followed by a reflection in a mirror plane that is perpendicular to this axis. A
point group is defined as a collection of the symmetry operations that are required to
describe the structure. There are numerous point groups that can be assigned based
on the presence or absence of these operations. A flow chart such as the one shown
below in Figure 1.20 are very useful for determining which point group a molecule

belongs to based on its structure.
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Figure 1.20: Flow chart representing the different point groups a molecule can belong to
based on decisions concerning its symmetry properties [50]

1.7.5 Substituted benzene molecules

Benzene can react with halogens such as bromine or chlorine to form halogenated
benzene molecules i.e. chlorobenzene, bromobenzene, iodobenzene, fluorobenzene.
These monosubstituted benzene molecules belong to the Cs, point group as they
possess a (' axis and lack any rotation axes perpendicular to the Cy axis. They also
lack a oy, plane but have two ¢, mirror planes. The reaction mechanism that results in
the formation of these molecules is known as electrophilic aromatic substitution [51].
Other common monosubstituted benzenes include toluene, aniline and phenol. Di-
substitutions can also be performed on the benzene ring. As shown in Figure 1.21,
for the example of xylene, there are three options for where the second substituent
can be placed on the ring once the first one has occupied the ipso position. From the
flow diagram one can deduce that para-xylene belongs to the D5, point group due to
its higher degree of symmetry than ortho- and meta xylene which both belong to the
Cs, point group.

If the two substituents are the same, then the structures formed can be classed as
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Structural isomers of xylene

Ipso Ipso Ipso
CHs CHs CHs
Ortho
CHs
Meta
CHs
CHs
Para

Figure 1.21: Structural isomers of xylene (CgHjp) molecule

being structural isomers. Isomers are a group of two or more molecules that have
the same empirical formula but differ in their structural arrangement [51]. Benzene
is regarded as a fundamental building block of many proteins and biomolecules. As
a known carcinogen along with many of its substituted counterparts, it is also a very

topical molecule for biochemists and pharmacologists to understand.

Benzene as a molecule is an ideal prototype for performing ultrafast spectroscopy
experiments on. Its highly symmetric (or achiral [52]) framework and availability of
substituted derivatives make it a very rich environment for studying its electronic and
nuclear dynamics as well as the effects of various mono and di—substitutions on the

ring.

1.8 Modelling HHG in Molecules

The Strong Field Approximation (SFA) [48] is a fundamental starting point for the
modelling of HHG in molecules. Other methods do exist for calculating HHG from
atoms and molecules such as solving the one electron TDSE. However, this is quite
computationally intensive and does not provide a logical interpretation of the HHG
process. The SFA is based upon three approximations for a Single Active Electron

(SAE) in a linearly polarised laser field:

e 1. In the continuum, the electron is treated as a free particle moving in the

83



electric field with no effect on the ionic potential.
e 2. Depletion of the ground state can be neglected.

e 3. Bound states are unperturbed by the laser field such that only the ground
state is contributing to the evolution of the system. Only the outermost electron,
from the HOMO, is participating in the process of HHG.

These assumptions are justifiable in the context of HHG. Assumption 1 is feasible
during the propagation step of HHG as the electron is born into the continuum
rapidly and moves along the laser field such that when the trajectory is reversed that
it is far enough away from the ionic potential not to be under the influence of it.
Assumption 2 is valid when the intensity of the laser driving the HHG process is
kept below the saturation intensity of the medium. Assumption 3 is accommodated
by the fact that the HHG process is instigated by tunnel ionization such that it is
the outermost electron from the HOMO that is released into the continuum. It is
further justified by the requirement that the electron must return to its parent ion
in the recombination step for the emission of an XUV photon to be allowed. The
full quantum—mechanical treatment by Lewenstein et.al provides a more accurate
description and intuitive understanding of the HHG process [48]. The time dependent

wavefunction can be expressed as:

00 =t (0] + [ etk 1)) (1.69)

The electron is in a superposition of states, predominantly in its bound state [ig)
which has energy, —I,. The term a(k,t) are the amplitudes of the continuum states
which are denoted as |k). We can use this expression to calculate the dipole matrix

elements for a bound—continuum transitions. The time dependent expectation value,

d(t) = <@/J(t) ’a’ w(t)> is given by:

A(t) = i [ dt; [ Podyeclp -+ A0)] exp[iS(p,ti, )] % d, [p+ A0 1] +
(1.70)
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where d,... represents the recombination dipole matrix elements, .S is the semi-classical

L

oo 1S the ion-

action which describes the motion of the electron in the continuum, d
ization amplitude in length gauge since the operator here is not selected by our
choice of d but comes from the length—gauge interaction Hamiltonian r.E(¢) in the
TDSE, [p = k — A(t)] is the canonical momentum of the continuum electron which
is a conserved quantity during continuum propagation because the ionic potential is
neglected. A(t) = — [*__E(t)dt' is the vector potential of the laser field. We can

retrieve the three steps of the HHG process from the integrand as follows [4]:

e (i) At a time, ¢;, a portion of the electron wavefunction makes a transition to the
continuum state. The ionization rate can be calculated using the approach dis-
cussed in section 1.5.1: ionization by using the ADK rate or the MO—ADK rate
depending on the level of accuracy necessitated. The part of the wavefunction

that is born into the continuum has momentum given by k = p — A(;)

e (ii) In the continuum, the electron propagates under the influence of the laser
field and acquires a phase relative to the ground state which is known as the

semi—classical action:

S(p,tit) = — /tt dt” lw 4 Jp] (1.71)

e (iii) At a time, ¢, the electron has a momentum of k = p+ A(¢) and recombines
with the core. The recombination amplitude is given by the Dipole Matrix
Element (DME):

drec(k) = <¢0 ‘a‘ k> (172>

The XUV spectrum is proportional to the Fourier transform of the radiating dipole
which is given by [4] [48]:

() oc [ (et =—i [ [ 't JEE NG
xexp [iwt +1S(p, ti, t)] d= [p + A(t), 1]

In this expression the integration between 0 and ¢ runs over the duration of the driving

laser pulse. The wavefunction for the HOMO can be calculated from a superposition
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of Gaussian functions. Computational packages such as GAUSSIAN can calculate
molecular wavefunctions if they are given a molecular geometry as an input. The
Hartree—Fock method described in section 1.7 is commonly used to compute the

molecular wavefunctions.

So far, the SFA has only been considering ionization from the HOMO. In molecules,
the energies of the valence orbitals are much closer than in atoms so the contribu-
tion of lower lying orbitals such as the HOMO—1 and HOMO-2 etc. can become
significant [4]. It is also noteworthy that ionization from the HOMO can be strongly
suppressed when the laser field is polarised parallel to a nodal plane. The different
channels for ionization take the molecule from the same initial state to the same final
state via different states of the ion. In the total amplitude for the HHG process the
individual channel amplitudes interfere. The recombination dipole matrix elements
can be written as a sum over the participating channels; ¢ = X, A, B, ... where X is

the ground state, A is the first excited state, B is the second excited state and so on:

) = (X0t dy ) (1.73)

where b. represent the relative weight of the participating channels which is deter-
mined by the tunnelling process and can also have a time dependence if the channels
are coupled by the laser. If the laser induced coupling of the channels can be ignored
then the b. terms are constant and the hole—wavepacket dynamics are determined by
the free evolution of the coherent superposition of eigenstates. d ¢ is the f electron
dipole operator. Equation 1.73 is a recombination DME between a continuum electron
which is in state |k) and a bound ionic wavepacket which is formed by the channel spe-
cific Dyson orbitals, |[t0.) = )Zc bebP > which corresponds to a time dependent hole
in the ion. The Dyson orbital implies projecting out the difference between the neutral
and the ionic core which can be interpreted as a hole in the ion [4]. Cross-channel HHG
is a very prolific area of research in HHG spectroscopy with many milestone publica-
tions being made in the last 10 years [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63].
SFA can also be employed to calculate impulsive alignment distributions in molecules
[64]. This is done by keeping the electric field fixed in one direction and introducing

different orientations of the molecule by applying the Euler operator, qugx, on the
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spatial co—ordinates of the orbitals.

There are, however, a number of drawbacks to the SFA. It is not gauge invari-
ant [65] [23] [64] — the SFA depends on the choice of gauge because the choice of the
initial ansatz, |1(t)), is gauge dependent. For example, molecular SFA in the velocity
gauge has previously failed to explain orientational effects in the ionization of the ni-
trogen molecule [66]. However the SFA in length gauge to describe the field—molecule
interaction has produced results in good agreement with experimental findings. Ne-
glecting the effect of the Coulomb potential is also leads to several problems with
the theory. It is incorrect to neglect the influence of the molecular core as the elec-
tron must tunnel through the barrier to be liberated into the continuum, the shape
of the barrier is influenced by the molecular core. This implies that the ionization
amplitude will be different if the effect of the Coulomb tail is incorporated into the
electron action [67]. The propagation in the continuum is also different as electron
not only oscillates in the electric field but also can scatter of the molecular core.
This has been included additionally in the SFA2 formalism which has been derived
by Lewenstein [68]. Despite these drawbacks the SFA is still a powerful theoretical
tool for modelling the HHG from molecules and can reproduce alignment distribu-
tions [69], multi—orbital contributions [61], orbital tomography [70] and ellipticity
dependences [71].

Improvements to the SFA include incorporating electron-electron correlations which
accounts for the interactions between multiple electrons during the ionization process.
The tunnelling rate is strictly only valid if the state that the resultant ion is in
is frozen during the tunnelling process. If the state is allowed to evolve then the
ionization dynamics change to reflect the interaction between the ejected electron
and the ionic core [72]. The use of eikonal-Volkov states to represent the continuum
electron includes the laser field, the interaction between the continuum electron and
the ionic core and the coupling between them [73]. Ionization can be improved by
including the influence of sub-cycle dynamics, the core potential and the shape of the
initial state on the ionization rate. The propagation step of HHG is further improved
by including nodal planes in the bound states of molecules as they leave fingerprints on
the electron wavepacket after ionization and the shape of the recolliding wavepacket

will affect the recombination.
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Chapter 2

Laser requirements for High

Harmonic Generation

This chapter will discuss the requirements of the laser source required for high har-
monic generation, with a particular focus on those for optimal HHG in organic
molecules. I will then introduce the laser system used for the experiments presented
in the next chapter. This discussion will include chirped pulse amplification (CPA),
optical parametric amplifiers (OP-CPA systems), hollow core fibre pulse compression

and ultrashort pulse characterisation.

2.1 Laser parameters

In order to perform HHG, there are a few pre—requisites required from the driving
laser. These will each be introduced along with a discussion on their influence on the
HHG process.

2.1.1 Drive wavelength

As discussed previously, the highest frequency produced for a given ionization stage
is given by Qe = I, +3.17U,. The ponderomotive energy, U, scales as IA\*, where [
is the laser peak intensity and A is the laser wavelength. One approach to extending
the cut—off of the spectrum is to increase the laser intensity. There is a drawback to
doing this as there is a practical limit beyond which the laser intensity can no longer

be increased. This occurs when the state is fully ionized and is reached quite quickly
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in low /,, molecules such as the organic molecules of interest to this thesis (< 10 eV).
We can calculate the saturation ionization intensity as follows: the potential that the
electron sees is a combination of the atomic/molecular potentials and the potential

generated by the laser field.

—7Ze?
dregx

V(x,t) = —exFy (2.1)
where Z is the charge state of the target (note that Z = 1 when an atom is ionised
once), x is the distance from the centre of the atom, w is the angular frequency of the
laser and t is the time in the laser pulse. The force applied on the electron is given
by the derivative of this equation. When the derivative is set to zero it indicates that
the laser electric field removes the atomic/molecular potential therefore releasing the

electron.

OV (T rmaz) Ze?
Ox - Amegr? efo (2:2)

From this equation, x,,,, can be found which is the distance from the centre of the

atom/molecule at which the force on the electron is zero:

Ze
T =
mar 47T€0E0

(2.3)

Substituting this expression for x,,,, into equation 2.1 gives the height of the barrier

potential seen by the electron.

Z€3EO

TTEQ

V(Tmaz) = —

< -1, (2.4)

where V(2,q,) is the potential seen by the electron is a combination of the atoms
potential and the maximal electric field of the laser light, Z is the charge state of
the resultant ion (i.e. = 1 for CgHy), e is the charge of an electron, ¢ is the
permittivity of free space, Ey is the electric field strength. For example, knowing that
I, = 9.2 eV for benzene we get Ey = 1.5 X 1010 V/m. We can calculate I, from the
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following expression:

2740/ I.; = Ey (2.5)

where Ej is in units of V/m and the resultant value for I, is in units of W/cm?. For
benzene, where Z = 1 we get a value of the saturation intensity of I,,; = 2.9 x 10'3
W /cm?. For the molecules of interest to this thesis that have I, ~ 10 eV we get
Lot ~ 4 x 1013 W /cm?.

The alternative approach is to use longer wavelength sources. The A\? scaling is offset
by an unfavourable scaling of the conversion efficiency from laser energy into XUV
energy. The conversion efficiency scales as n(\) oc A=79) due to the spreading of
the continuum electron wavepacket in both space and time. This wavelength scaling

dependence was investigated by Shiner et.al [28].

The investigation of using longer drive wavelengths to extend the cut—off of the HHG
spectrum has been a fruitful area of research in the attosecond community [26] [27].
Sheehy et.al [26] observed harmonics extending to the 19th order of the fundamental
(3.2 pm) in alkali metal vapours such as potassium and rubidium. Also in the early
2000’s, Shan et.al [27] observed a cut—off extension from 64 to 160 eV in argon using
a 1.51 pm field as opposed to a 0.8 pum drive laser wavelength. Further advances into
the application of longer drive wavelength sources is reviewed by DiChiara et.al [74]
which details how the harmonic cut—off, yield and spectral phase change with driving
laser wavelength. Another notable publication is that by Schmidt et.al which investi-
gated HHG with long wavelength, few cycle laser pulses [75]. In this study, 1.8 cycle
duration pulses at 1.8 um were used to enable the cut—off extension in xenon to reach

160 eV which has facilitated the observation of a giant resonance in xenon at ~ 95 eV.

The wavelength of the drive laser also have an influence upon the fragmentation of
the molecules of interest to this thesis. In order to perform ultrafast measurements
on benzene and substituted benzenes it is of utmost importance that the laser param-
eters for HHG in these molecules are selected to ensure HHG is performed on intact

molecules and not fragments. In the multiphoton picture, the number of photons, IV,
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required to reach the second ionization threshold of 26.4 eV for benzene to produce
dications is N = 9 for a drive wavelength of 395 nm which is about half of the cor-
responding number of photons, N = 17, when the wavelength is 790 nm. Thus, a
larger yield of dications is expected for A ~ 395 nm than that for A ~ 790 nm for the
same photon flux which is achieved when the laser intensity for the 395 nm beam is
twice that of the 790 nm beam. However, as observed by Itakura et. al [76], even
when the laser intensity is doubled, fragmentation is still the dominant process over
dication formation.

A strong dipole allowed resonance coupling between the C and X states of the ben-
zene cation suppresses the formation of dications and induces the dissociation of the
cations into C,H;” and C;),H;r fragments. In the case of the 790 nm wavelength mul-
tiple ionization was found to dominate the dynamics of the benzene cations and the
neutral benzene molecules which implies that the resonance coupling observed at 395
nm is not induced on the neutral, singly or doubly charged states by the 790 nm
wavelength beam.

Itakura [76] and other authors [77] [78] have studied the degree of fragmentation from
benzene as a function of drive wavelength in Time of Flight (TOF) experiments. In
the study by Itakura, using the same pulse duration and intensity, there is a higher
degree of fragmentation when the 395 nm field is used compared to the 790 nm field
as shown in Figure 2.1. This dissociation can be attributed to resonances in the
cation. This process is only possible if the relaxation time preceding excitation is of
shorter duration than the laser pulse duration. Some cation resonances can directly
lead to dissociative states. This result plays in our favour for HHG experiments as
a consequence of the U, o< T\? relation wherein increasing the intensity of the drive
beam can be detrimental to phase matching and still accelerates fragmentation in the
molecule. The above arguments are a sound basis for using longer drive wavelengths

for HHG in organic molecules.
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Figure 2.1: The TOF-MS when benzene was irradiated with a wavelength of 395 nm (top)
and 790 nm (bottom). The intensity was 2 x 10'® W/cm? in both cases [76]
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2.1.2 Pulse duration

Femtosecond laser pulses are more suited to experiments with organic molecules [79]
under the presence of a strong laser field intrinsically because of the evidence for
parent ion retention in comparison to longer pulses. This is primarily due to the fast
up—pumping of the parent ion states which defeats dissociative states [76]. Shorter
pulses in HHG are highly advantageous as there will be no temporal averaging as in
the case for employing a longer pulse. Shorter pulses also increase the time resolution
which will be pivotal to experiments mapping nuclear dynamics. It is necessary here

to define what I mean by "short” in terms of what we desire for our experiments:

e Ideal case: A half-cycle or even single cycle laser pulse as this would mitigate

temporal averaging in the data.
e Acceptable case: Multiple half-cycles which all contribute similarly.

e Worst case: A few cycle pulse because there are larger changes at each half
cycle which will contribute to temporal averaging and movement of the cut-off

of the spectrum.

Hay et.al studied the dependence of the pulse duration on the HHG spectra [79]
as shown in Figure 2.2. There is a marked discrepancy between HHG in the atom
xenon and the organics benzene and cyclohexane. Whilst it can be argued that an
initial steep rise followed by saturation, characteristic of HHG from atoms, which
is mimicked in the molecules for intensities below 5 x 10 W/cm? using the 240 fs
pulse, the features above this intensity can be attributed to ionization and dissociation
occurring during the laser pulse. In the case of employing the 70 fs pulse, the spectra
in the organics resemble that of the atom in intensity dependence. It is proposed
that using the 240 fs pulse leads to significant fragmentation of the parent molecule
occurring at higher intensities. In the case of employing the 70 fs pulse the structure
is absent in the intensity dependent curves which infers that there is insufficient time
for the parent to break apart concurring that HHG is by and large from intact parent

molecules and not fragments.
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Figure 2.2: Harmonic intensity as a function of laser intensity for xenon, cyclohexane and
benzene with a 240 fs pulse (top panel) and using a 70 fs pulse (bottom panel) [79]
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Moving to much shorter — approaching single cycle duration — pulses also presents
advantages for the HHG process, particularly for low ionization potential targets [80].
In Figure 2.3, typical HHG spectra in neon with a backing pressure of 250 torr,
Ao = 0.8um, and a peak intensity of ~ 3 x 10** W /cm? are plotted for a 30 fs and a
7 fs pulse [81].

Tp=? fs
100

10

Tp=30 fs

Spectral intensity (arb. u.)

LU . . .
90 50 10
Wavelength (nm)

Figure 2.3: Harmonic spectra in neon at 250 torr backing pressure for 30 fs and 7 fs pulse
durations and an 0.8 um drive wavelength. The peak intensity for both pulses is ~ 3 x 10
W /cm?. For the 30 fs duration pulse, this implies roughly 10% of the neon atoms are ionizes
whereas only ~ 1% are ionized for the 7 fs pulse [81]

It is clear that for the 30 fs duration pulse that the spectrum consists of discrete,
well resolved harmonics. For the 7 fs pulse duration, this discrete structure is much
less pronounced and even disappears in the cut—off region. This is because for few
cycle pulses the highest order harmonics are generated by a single—electron trajectory
close to the pulse peak such that the periodicity of the HHG process is completely
suppressed. Since the pulses in Figure 2.3 have the same peak intensity, the harmonic
spectra are cut—off at the same frequency, which is easily realised from the equation

for the harmonic photon energy at which the cut—off occurs: Eeyy—off = I, +3.17U,,.
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In a regime where the probability of stripping an electron from the parent atom or
molecule approaches one, well before the target constituents are exposed to the pulse
peak, the harmonic cut—off is no longer determined by the peak laser field intensity
but by the intensity at which the ground state is depleted at the front edge of the
pulse [81].

For shorter pulses, the ground state depletion is shifted to higher intensities and
hence, the cut—off is shifted to higher harmonic orders. Increasing the intensity of
the 7 fs drive pulses has enabled the cut—off to be extended below 4.37 nm into the
water window in neon. This could not be previously achieved using the 30 fs pump

pulses due to early depletion of the ground state.

2.1.3 Laser intensity

In light of the discussions above with respect to target fragmentation and ground
state depletion, a number of trivial arguments for the laser intensity arise. Naturally,
for the organic molecules of sub 10 eV ionization potential which are considered to
be "soft” targets, keeping the laser intensity low (< 10 W/cm?) is necessary to
mitigate any fragmentation of the target. Time of Flight (TOF) studies have been
employed to study the fragmentation in the organics such as benzene as a function
of drive wavelength, pulse duration and a strong emphasis on the effects of laser in-
tensity [82] [83] [77] [84] [78].

For the organic molecules, it is important to stay below the saturation intensity of the
species. Experiments by Hay et.al determined the saturation intensity for benzene
to be (~ 6 x 10 W/cm?) using a 70 fs duration pulse at 800 nm [79]. Referring
back to our calculated value for the saturation intensity of benzene we get ~ 3 x 103
W /cm? which is over an order of magnitude smaller than the value measured by Hay.
This highlights the difficulties in making measurements of the saturation intensity
which shall be discussed further in the Results chapter. Relativistic effects can also
be induced at intensities 10*® W /cm? where the § component of the electromagnetic
field no longer has negligible amplitude. It is also of no concern to this thesis as it

typically at intensities > 100 times that of the atom or molecules saturation intensity.
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2.1.4 Repetition rate

Most of the previous studies on organic molecules performed in our laboratory have
been done with a 10 Hz laser system [85] [79] [86]. Higher repetition rates are de-
sired to obtain a higher flux in the XUV, enabling faster measurements at a higher
signal—to—noise ratio. Previously, due to limitations in average power, high energy
pulses suitable for HHG experiments were obtained at a cost to the lasers repeti-
tion rate. A higher repetition rate laser system would enable better statistics on the
acquired data. The commercial CPA laser system that will be introduced in the fol-
lowing section has a repetition rate of 1 kHz which is a marked improvement on that
of the previous 10 Hz laser system. It is noteworthy to mention that other research
groups have also reported on HHG a repetition rates in the range of 50 kHz — 25
MHz [87] [88] [89]. The ideal case for the work of concern in this thesis would be to
have higher repetition rates and longer wavelengths which would allow us to obtain
better statistics on our data with a sufficiently large time window in which to observe

dynamics from larger organic molecules.

2.2 Fundamentals of laser physics for ultrashort

pulses

This section will introduce the physics that is necessary for understanding the com-
plexity of generating ultrashort optical pulses. Non-linear optics is fundamental to
the advancement of the field as many optical non-linearities have been exploited to
facilitate with modelocking, pulse picking, chirped pulse amplification and difference
frequency generation to name but a few. The characterisation of ultrashort optical
pulses will also be introduced with reference to the technologies employed in our
laboratory. The quality of the laser pulses used for HHG spectroscopy is of utmost
importance as instabilities arising from fluctuations in the laser, inhomogeneities in
the mode quality and contributions from higher order spectral phase terms which have

not been correctly compensated for can all be detrimental to the data acquisition.
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2.2.1 Description of optical pulses

A laser pulse can be defined by its electric field, £(¢). The electric field also has a
complimentary description in the spectral domain where the pulse can be described
by an amplitude function and spectral phase. £(t) is a real function and its Fourier
transform is given by &(w) = 1/2(E(w)+ E*(—w)), where E(w) is the complex electric
field which has non zero values only for positive values of frequency, w. E(w) is a
complex function which contains all of the information about the pulse, and from
which &(t) can be obtained. The inverse Fourier transform of E(w) results in a

complex field in the temporal domain, F(t) whose real part is given by Re[E(t)] = £(¢):

0= [ Ewpenp(—iwn) 3 (2.6

The shape of an ultrashort pulse can be defined by its electric field, £(t), by its
complex electric field in the time domain, E(t), or in the spectral domain as E(w).
E (w) is a very practical and widely used definition of an ultrashort pulse and is given

by [90]:

B(w) = A(w)e*® (2.7)

where A(w) is the spectral amplitude and the spectral phase is ¢(w) which both
contribute to the shape of the pulse. For a given spectral amplitude, the spectral
phase completely dictates the pulse shape and duration. For a flat phase profile over
the bandwidth of the spectrum, the pulse is at its shortest duration and is said to be
Fourier limited. A Fourier limited pulse has a duration which is inversely proportional
to its spectral width. Time—bandwidth product (TBP) provides an estimation of
how far a pulse is from being transform limited. The TBP is the product of the time

duration and the spectral width of a given pulse:

TBP = At - Aw (2.8)

where At and Aw are the full width at half maximum (FWHM) in intensity of the
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pulses temporal and spectral profiles respectively. For a Gaussian pulse, the TBP is

given by:

4ln(2)

T

TBP =

= 0.441 (2.9)

The spectral phase is fundamental to determining the shape of an ultrashort pulse. In
order to gain a more intuitive insight into the role of the spectral phase, we can expand

it in terms of a Taylor series if the spectral phase varies slowly with frequency [91]:
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o o(wy) = ¢ is the absolute phase that is accumulated at wo which is a reference
usually taken to be the central frequency of the spectrum. This term is known
as the carrier envelope phase (CEP) which corresponds to the phase between
the envelope of the electric field and the carrier. The carrier envelope phase is
given by: vcro = 0@ — wee™. This quantity becomes important for pulses
comprising a few optical cycles as the cut-off position is very sensitive to the
CEP value for each half cycle in a few cycle pulse. Many cycle pulses are less
sensitive to the CEP as there are more half cycles which contribute to temporal
averaging of each half-cycle cut-off position.

.67%

2l = @M. This term corresponds to a delay between the pulse and an

wo
arbitrary origin in time and is known as the group delay. For propagation

through a medium of length L, o) = vL where v, is the group velocity. The

g
group delay is the time taken for the envelope of the pulse to propagate between

the two planes of the medium.
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= ¢, This term is known as the group delay dispersion (GDD),

wo
quadratic phase, or more commonly as the chirp. Chirp induces an increase

in the pulse duration and is generally expressed in units of fs>. ) causes
the transit time to increase linearly with frequency. For positive values of the

GDD, positive dispersion, longer wavelengths arrive before shorter wavelengths
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which is generally known as positive frequency chirp. The opposite case in
which long wavelengths lag shorter wavelengths is termed negative frequency
chirp or anomalous dispersion. Dispersion through a medium usually results
in a positive chirp which can be compensated by using a device or material
that imposes negative dispersion on the pulse to counteract this and enable a

transform limited pulse to be obtained.

e ©®) corresponds to the cubic phase which leads to pre and post pulses forming
in the temporal domain. When aiming for few cycle pulses it is essential that

the cubic phase and higher order phase terms be compensated.

Origins of the discussed spectral phase terms and methods for compensating them

shall be discussed in the context of ultrashort pulse generation in section 2.5.

2.2.2 Nonlinear optics for ultrashort pulse generation

Reverting back to the expression defined in section 1.1.3, the induced dipole per unit
volume — the polarization —can be expressed as a Taylor expansion of the incoming

electric field strength:

P(t) = e[xVE(t) + XPE*(t) + x®E3(t) + .. ] (2.10)

Non linear optical effects that are accessible with modern day laser technology and
this section shall discuss the y® and x® processes such as optical parametric am-

plification and self phase modulation.
Optical Kerr effect and the Pockels effect

The Pockels effect is a fundamental second order, x?, nonlinear optical process which
has become key to the advancement of ultrafast laser technology [10]. The Pockels
effect relates to the change of the refractive index of a non—centrosymmetric medium
when a DC electric field is applied. Examples of such non—centrosymmetric media
include potassium diphosphate (KDP) and lithium niobate which are suitable for
visible and near—IR wavelengths. If we include a DC term, Ej, in the expression for

the laser electric field we get:
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E = Ey+ E; cos{wt — kyz} (2.11)

where kp is the angular wavenumber of the fundamental beam (k1 = njw/c) and
the field is propagating in the z direction. Substituting this expression into eq 2.5,
we get a new non—linear term which has the same space—time dependence as linear

polarization [10].

P = eo(xW + 2xP Ey) Ey cos {wt — kyz} + ... (2.12)

The electric displacement is written as: D = ¢ 4+ P = ¢y(1 + (V) E = e E where
e =1+ x is the relative dielectric constant. In comparison to the original expres-
sion, P = €y(1 + xM)E = €yeE for the electric displacement, where e is the square of

the refractive index such that n = /1 + (1), we can now see that the refractive index

is now represented as n = \/ 1+ x® + 2y E,. The Pockels effect is used in ultrafast
laser science as it creates an optical switch which allows the polarization properties of
light to be controlled electrically in combination with a polarizing beamsplitter. The
change in refractive index of the material which varies linearly with applied electric
field strength can be used to modify the polarization properties of the incident laser
pulses. The Pockels effect is named after the German physicist, Friedrich Pockels
who studied it extensively in 1893 [92] [91]. The first practical Pockels cell was not
developed until the 1940s when suitable crystals were finally developed. The role
of the Pockels effect will be discussed when the anatomy of the laser system in our

laboratory is introduced.
Optical parametric amplification
Optical parametric processes involve the mixing of two or more primary beams of

different frequencies in nonlinear dielectric media that have a non—zero x [8]. This

can be understood intuitively by substituting a wave of the form:
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E= EOl sin(wlt) + E02 sin(wﬂ) (213)

into the simplest expression for P which is given by eq 2.7.

The second order contribution is then:

P(t) = eox P (E2, sin®(wit) + EZ, sin®(wat) + 2Fq Egy sin(wy t) sin(wst)) (2.14)

The first two terms in this expression can be expressed as functions of 2w; and 2wy
respectively, while the last term of the equation gives rise to sum and difference
terms, w; + we and w; — wy. Satisfying the phase matching conditions for either
process determines whether it will be the sum or the difference frequency generation.
The photon of frequency w; 4+ wy corresponds to a coalescing of the two original
photons into a new photon as it does in the case of second harmonic generation in
which both quanta have the same frequency. The energy and momentum of the
annihilated photons are carried off by the created sum photon. A schematic of the

optical parametric process is shown in Figure 2.4.

Q)
Pump — () — Residual pump
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(D Idler 3 ........ - |d|er

Figure 2.4: Difference frequency generation (DFG): (left) energy level schematic of the
process (right) geometry of the interaction that occurs in the OPA at Imperial College.

In the case of w; — wq, the conservation of energy and momentum necessitates that,
upon interacting with an ws photon, only the higher frequency w; vanishes therefore
resulting in the creation of two new quanta, one being an ws photon and the other
being a difference photon. An application of this is optical parametric amplification.
If a strong wave of frequency w,, called pump light, and a weak signal wave of fre-
quency wg are mixed within a non linear crystal, then the pump light is converted
into both signal light and a difference wave, which is known as idler light, which has

a frequency of w; = w, — ws. If the idler is made to beat with the pump light then
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the latter is converted into equal amounts of idler and signal light such that both the
signal and idler are amplified. The first optical parametric oscillator (OPO) was oper-
ated in 1965, and optical parametric amplification is now a cornerstone phenomenon
for strong field physics as will be elaborated upon when the OPA used to create the

near—IR light used for the experiments in this thesis is introduced in section 2.7.
The Kerr effect

The Kerr effect is the first electro—optic effect and is named after Scottish physicist
John Kerr who discovered it in 1875. In a similar manner to the Pockels effect, the
Kerr effect also induces a change in refractive index of a material but this change
is proportional to the square of the applied electric field strength in this instance.
The Kerr effect can also be used to create electro—optical switches. I will now in-
troduce special cases of the optical (AC) Kerr effect in which an intense laser beam
in a medium can itself produce the modulating electric field without the need for an
external field to be applied, as is the case for making an electro—optics Kerr switch.
At high enough intensities, non-linear effects are induced in a media with a non—zero

x®) [9]. The Kerr effect is responsible for the intensity dependent refractive index:

n(r,t) =ng + nal(r,t) (2.15)

The non-linear refractive index, ns, is related to the third order non-linear suscep-
tibilty of the medium. For the Kerr effect, the third order non-linear polarization,
PO(t) = egx® E(t)*, can be expressed as follows [8]:

~ 1 3
PO(t) = 160X(3)E3003(3wt) + Zeox(?’)EScos(wt) (2.16)

where the following substitutions were made to the previous expression: E(t) =
Ecos(wt) and the identity cos®(wt) = $cos(3wt) + 3cos(wt) was used. Since the first
term of the above equation is a source of third harmonic radiation at a frequency 3w
, it is the second term which gives rise to the Kerr effect. The incident laser pulse
intensity, I(r,t) is a function of the spatial and temporal properties of the beam.

The spatial dependence results in self focussing of the laser beam whilst the temporal
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dependence leads to the generation of new frequency components in the pulse in a
process called self phase modulation (SPM). Self focussing can create inhomogeneities
in the beam such as hot spots which can damage optical components. SPM can mod-
ify the temporal properties of the laser pulse. Both effects are significant in ultrafast

laser science provided that they are adequately controlled and/or compensated for.
Self focussing

Self—focussing occurs when a beam of light that has a non—uniform transverse in-
tensity distribution propagates through a material that has a positive ny [8]. For the
typical case of a Gaussian beam, this effect leads to a higher refractive index in the
middle of the pulse and a lower index at the flanks of the pulse. Similar to a lens,
this means that the optical path length is now longer at the centre of the pulse which
results in a focussed beam. This process is illustrated in Figure 2.5. The material acts
as a positive lens which causes the rays to curve towards each other. The intensity at
the focal spot of the self—focussed beam is sufficiently large and can lead to optical
damage of the material. Optical damage can occur when the beam power exceeds the

critical power which is given by [10]:

0.148)?
nnoy

(2.17)

crit —

where n is the refractive index of the material, n, is the nonlinear index expressed in

units of m?/W and ) is the beam wavelength in nanometers.

x A non-linear medium
f -
beam
I(rt) \ / 2  Propagation
V
< - —

Figure 2.5: Self focusing of light in a non—linear medium as described in the text.
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Thermal lensing, in which the heating of the gain medium results in temperature
gradients, can also result in self—focussing occurring. Self—focussing has a very im-
portant application in Kerr—Lens modelocking which will be introduced in the next

section of this chapter.
Self phase modulation

Self—phase modulation is the change in the phase of an optical pulse resulting from
the non—linearity of the refractive index of the material medium [10] [91]. Assuming
that the medium can respond instantaneously to the pulse intensity and that the
length of the non—linear medium is short enough such that no reshaping of the pulse
can occur, then the only effect of the medium is to change the phase of the transmitted
light by:

¢nr(t) = —n2l(t)woL/c (2.18)

This time varying phase causes the spectrum of the transmitted pulse to be modified
and will be typically broader than that of the incident pulse. The spectral content of
the transmitted pulse can be understood more intuitively by introducing the concept

of instantaneous frequency, w(t), which is given by:

2T ol
w(t) = wo — )\—OngLa (2.19)
The leading edge of the pulse will have % > 0 and SPM will result in a decrease

in frequency — red shift — for that materials with ny > 0. The trailing edge of the
pulse will be blue shifted and as a result, the pulse will develop a positive chirp. This

results in the spectrum being broadened in both directions as shown in Figure 2.6.
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Figure 2.6: Origin of the frequency chirp of a pulse with an initial carrier frequency, w as a
result of self phase modulation (SPM): the solid line represents the temporal profile of the
pulse. The dashed line is the frequency shift that arises from the SPM process.

Again, if we look at the expression for the total phase accumulated for a pulse prop-

agating a distance, L, with a wavelength of Ay and a constant intensity 7 [91]:

2r (L 2r (L 2r (L
o= —W/ nl(z)dz = —W/ nodz + 1/ nol(2)dz
Ao Jo Ao Jo Ao Jo

we see that the second term on the right hand side of this expression gives the intensity
dependent part of the phase, ¢;. This quantity is better known as the B-integral [91].
The intensity of the beam will vary with transverse position such that the beam is
more intense near the axis of propagation than at its wings. In this situation, the
centre of beam will accumulate a greater phase than the wings of the pulse such that
it will act like a positive lens and leads to self—focussing. The value of ny for sapphire
is ~ 2.5 x 107%cm*W~!. The importance of the B—integral will be stressed when
chirped pulse amplification (CPA) is introduced in section 2.5.1. The B—integral

provides an estimate of when the onset of self—focussing occurs.
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2.3 Ultrashort pulse production

Pulsed lasers offer numerous advantages over continuous wave (CW) sources. For
the same average power, the temporal confinement of a pulsed laser leads to higher
peak intensities. The short interaction time of the pulse with the target medium also
decreases the probability of inducing damage to the medium as a consequence of the
high peak powers it is exposed to. Ultrafast pulse duration also enables fast temporal
resolution. A modelocked laser can effectively "freeze” the motion of fast moving
objects such as molecules or their constituent electrons which enables the measure-
ment of ultrafast processes such as chemical reaction dynamics, relaxation processes
of carriers in semiconductors or electro—optical sampling of high speed electronics, to
name but a few [93]. The 1999 Nobel prize in chemistry was awarded to A.H. Zewail

for measuring the dissociation dynamics of molecules [94].

Six years after Maiman demonstrated the first laser [1], De Maria produced the first
ultrashort pulses [95] which were estimated to be picoseconds in duration and were
generated from a passively modelocked Nd:glass laser. As shown in Figure 2.7, ultra-
short pulse generation was dominated by dye lasers until the end of the 1980s with
state of the art specifications of 27 fs duration, ~ 10 mW average power at a central
wavelength of 630 nm being published. External pulse compression resulted in pulses
as short as 6 fs which was achieved by C.V. Shank [96] and remained an unsurpassed

milestone for almost a decade.
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Figure 2.7: Roadmap of the advancements in ultrashort pulse generation since the laser was
first demonstrated by Maiman in 1960. [93]

2.4 Modelocking

Modelocking is achieved by forcing the longitudinal modes in the laser cavity to
maintain a fixed phase relationship [97]. This is accomplished by modulating the loss
in the laser cavity at a frequency that is equal to the intermode frequency separation
of:

C iy

This can be better understood by visualising a loss modulation provided by a shutter

that is placed near one of the mirrors in the laser cavity. For the majority of the time

108



the shutter remains closed which leads to very high losses and is opened every 2L/c
seconds which corresponds to the round trip time of the wavepacket in the cavity [97].
If the wavepacket is exactly as long in time as the period of time the shutter stays open
and provided it arrives exactly when the shutter is open then it will be unaffected by
the presence of the shutter. However, any parts of the wavepacket that arrive before
the shutter opens or after it closes will be eliminated. Thus, the phase relationships
of the oscillating modes are continuously restored by the periodic operation of the
shutter. A variety of devices or materials can be used to perform the function of the
shutter.

Electro—optic or acousto—optics modulators are used in active modelocking laser
systems [98]. For active modelocking, an external signal is applied to an optical loss
modulator. An electronically driven loss modulation produces a sinusoidal loss mod-
ulation that has a period given by the cavity round—trip time. The saturated gain at
steady state will only support net gain around the minimum of the loss modulation
and will therefore only support pulses that are significantly shorter than the cavity

round trip time.

Passive modelocking employs a saturable absorber, such as a laser dye, to obtain
self—amplitude modulation of the light in the laser cavity [97]. This absorber pro-
duces a loss in the cavity which can be relatively large for low intensities but may
be significantly smaller for a short pulse with a high intensity. A short pulse induces
a loss modulation due to the fact that the high intensity at the peak of the pulse
saturates the absorber faster than the lower intensity wings of the pulse. Passive
modelocking is initiated by normal noise fluctuations in the laser. Initially, the laser
emits spontaneous radiation which gives rise to fluctuations in the energy density.
Short duration fluctuations can be amplified in the medium and grow in irradiance
to such an extent that the peak part of the fluctuation is transmitted through the
saturable absorber with little attenuation. The nonlinear nature of the absorber, such
as a dye, causes the shortest and most intense fluctuations to grow at the expense of
the weaker ones. An initial fluctuation may grow into a narrow pulse bouncing back
and forth in the laser cavity producing a periodic train of modelocked pulses [93].
The recovery time of the absorber can be very fast so the loss modulation is fast

such that pulses produced by this method opposed to active modelocking are of much
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shorter duration because there is no need for electrical switching. Saturable absorbers
provide a very intuitive method to modelock a high power laser such as Nd:glass and
ruby — the dye solution 9740 and cryptocyanaine are commonly used as saturable
absorbers in Nd:glass lasers [97]. Using a saturable absorber to modelock a laser also

simultaneously makes it Q—switched.

This effect was first demonstrated by De Maria and differs from modelocking in the
sense that it produces an amplitude modulated pulse train unlike a regular pulse
train attained by modelocking. The process can be initiated by introducing a time
dependent loss to the laser cavity such as blocking one of the cavity mirrors briefly.
As the mirror is blocked, the pumping of the gain medium builds up the population
inversion. Due to the elevated losses in the cavity in this configuration, the popula-
tion inversion can build up to levels greater than that of the threshold inversion for
lasing in the cavity without any lasing occurring as one cavity mirror is temporarily
blocked. Once the population inversion has grown significantly the blocked cavity
mirror is then unblocked which switches the quality factor, ”Q”, of the cavity from
low to high [97]. Stimulated emission then causes the upper laser level to depopu-
late below the threshold value as a high density of photons is emitted in the cavity.
Once the gain has fallen below the threshold value the lasing stops. The output from
the laser under these conditions is then essentially a single giant pulse of radiation.
Q—switching is most effective in media with a lifetime of the upper laser level on a
typically mircosecond timescale such as ruby. This enables the population inversion
to build up slowly without a large fraction of the atoms in the upper level decaying
back down to the ground state by spontaneous emission. Pumping in Q—switched
lasers may be initiated by continuous wave (CW) or pulsed lasers, the obvious differ-

ence being that there will be a higher peak output power from the pulsed laser system.

Reverting back to passively modelocked lasers, the success of this technique in the
70’s and 80’s with laser dyes was largely at the expense of solid state media used in
the same manner. Taking the example of the result by De Maria in 1966 [95] that pre-
sented a passively modelocked train of pulses of picosecond duration from Nd:glass,
they measured an amplitude modulated pulse train. In this regime, known as @-
switched modelocking the modelocked picosecond pulses are modulated by a much

longer Q—switched envelope which occurs at a lower repetition rate. This problem
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compromised the performance of passively modelocked solid state lasers for over 20

years.

A breakthrough in 1992 has dramatically advanced the average powers, pulse energies
and pulse durations of ultrafast solid state lasers. Self—starting passive modelocking
was demonstrated in diode pumped sold state lasers with an integrated semiconductor
saturable absorber (SESAM). A SESAM is usually integrated into one of the cavity
mirrors and is designed such that its reflectivity increases as the incident optical in-
tensity increases. Adjusting the properties of the SESAM material such as response
time and saturation fluence, can also eliminate the conditions of the cavity which
are favourable for Q—switched modelocking. The mirrors can be manufactured using
semiconductor materials such as AlAs/AlGaAs, dielectrics or metal coatings [91]. In
1990, Ishida et.al [99] published a passively modelocked Ti:Sapphire laser with an

intracavity saturable absorber producing stable 190 fs duration pulses.

In 1990, Sibbert [100] also demonstrated a self—modelocked Titanium—doped sap-
phire laser of 60 fs duration but, in contrast to Ishidas result, no saturable absorber
was present. Titanium sapphire has extremely desirable properties for a solid state
laser material. These include a gain bandwidth spanning the wavelength range from
700 to 1100 nm, a very high thermal conductivity and has an energy storage density
approaching 1 J/cm? [101]. The high energy storage density was initially thought
to inhibit Ti:sapphire as a gain medium for femtosecond modelocked lasers. This is
because the pre—existing passively modelocked dye lasers relied on the low energy
storage density of the laser dye to facilitate the modelocking process.

Sibberts result was puzzling as no saturable absorber was present but Ishidas publica-
tion was equally enthralling. This is because dye saturable absorbers with nanosecond
recovery times cannot support ultrashort pulses with a Ti:sapphire laser as they can
with dye lasers. Ti:sapphire relies on a different mechanism to facilitate short pulse
generation — the Kerr nonlinearity of the laser crystal which was introduced in sec-
tion 2.2.2. In Kerr lens modelocking (KLM), the Kerr nonlinearity can be employed
as an effective saturable absorber [10]. The Kerr effect produces a non—linear lens
that focuses the high intensity part of the incident beam more strongly than the low
intensity wings [102]. In combination with an intracavity aperture, the Kerr lens

enables less loss for higher intensities . As a non—resonant saturable absorber it is
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inherently broadband, and is broader than other saturable absorbers available. With
the application of Kerr lens modelocking, 5 fs pulses with > 100 mW average power
at a central wavelength of 800 nm can be generated. As show in Figure 2.8, external
compression can also further reduce this to pulses with a sub 4 fs duration. KLM
is not self—starting and usually requires one of the cavity optics to be perturbed to

increase the laser noise.

2.5 Ultrashort pulse generation in a modelocked

laser

The generation of ultrashort pulses is performed in an oscillator. A schematic of a
typical oscillator cavity configuration is shown in Figure 2.8 [101]. Ti:sapphire is by
far the most commonly used laser medium for ultrashort pulse generation and will be
the focus of the discussion here. Argon—ion or frequency doubled Nd:YAG lasers can
be used for the energy source to pump the gain medium. The CW light is focused
co—linearly into the Ti:sapphire crystal with the laser cavity mode. An end mirror
and an output coupler complete the cavity configuration together with a prism pair
that compensates for dispersion of the gain medium. The Kerr lens effect is used to

instigate modelocking.
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Figure 2.8: Schematic of a typical self—modelocked Ti:sapphire oscillator. Adapted from
[101]

The cavity is first aligned for optimum efficiency before one of the fold mirrors is dis-
placed a small distance ~ 5 — 10 mm away from the optimal CW configuration which
introduces a loss into the cavity as the Kerr lens comes into effect. Kerr lensing thus
couples the oscillators spatial and temporal modes of operation (CW and pulsed) so

the laser can actually be aligned to be stable in either mode [101].

The most significant improvement made to the Ti:sapphire laser since it was first
demonstrated is the dramatic reduction in the pulse duration achievable. This is ac-
complished by using shorter Ti:sapphire crystals and dispersion compensating prisms
and mirrors. Commercially available Ti:sapphire lasers can now produce pulses of
10 fs duration, with a central wavelength of 800 nm at an 80 MHz repetition rate
with typical pulse energies in the ~ 5 — 10 nJ range with excellent stability. These
oscillators are ideally suited for high power, chirped pulse amplification (CPA) laser
systems which is the fundamental tool for performing HHG.

The design of the Ti:S oscillator used in the CPA laser system at Imperial College is
shown in Figure 2.8. The oscillator is pumped by 5.2 W of 532 nm light from a diode
pumped Nd:YAG CW laser (Verdi, Coherent). Pulsed operation is achieved through
Kerr-lens modelocking. Two fused silica prisms are used to control dispersion during
a cavity round trip. When the oscillator is optimised for modelocking it typically

delivers 300 - 400 mW. Movement of one of the prisms initiates modelocking with an
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increase in output power up to 450 - 550 mW. The larger the discrimination between
the CW (continuous wave) and ML (modelocked) powers, the better the stability of
the modelocked operation of the oscillator. The cavity length is 1.7 m corresponding
to a cavity round trip time of 11 ns and a repetition rate of 89 MHz. For a ML output
power of 450 - 550 mW this implies a pulse energy of 5 -6 nJ. Ideally the oscillator
will deliver & 20 fs pulses centred at 790 nm with a spectral bandwidth of 50 - 70 nm.
Optimisation of the oscillator involves striking a balance between bandwidth, power
and stability. The central wavelength also has to match the gain profile of the laser
amplifier and thus needs to be 790 - 800 nm.

2.5.1 Chirped Pulse Amplification

Since the typical pulse energies available from this most modern of laser oscillators is
on the nJ level, a means of amplifying the pulse is necessary to achieve the high peak
powers necessary for HHG and other ultrafast experiments — chriped pulse amplifi-
cation (CPA) [103]. Before the oscillator output is fed into a secondary Ti:sapphire
amplification stage, the femtosecond duration pulse needs to be stretched in time by
introducing a frequency chirp. The extent of the chirp to be imposed on the pulse is
determined by the necessity to stay below the optical damage threshold of the ampli-
fication stages components. Typically, an oscillator output in the 10 fs — 1 ps range

is stretched by a factor of ~ 10* to a duration of the order of ~ 100 ps.

M1
G1 Red G2
Object Image
plane L1 () L2 (f) plane
Ax —) Blue —— AXx
— f < 2f f

Figure 2.9: Schematic of a pulse stretcher employed in a CPA laser system

A grating pair is commonly uses to introduce the necessary frequency chirp to the os-

cillator seed beam. As shown in Figure 2.9, a telescope is placed between the stretcher
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grating pair to enable the dispersion to be controlled by the effective distance between
the second grating and the image of the first one. A unity magnification telescope
is placed between two gratings in an antiparallel rather than parallel geometry. This
reverses the sign of the dispersion of the grating pair which are separated by 2f, with
the pair of gratings each at a distance, s; from the nearest lens. The distance s; — f is
the effective grating separation where s; is the distance from the lens to the grating.
If s; = f, the focus is right on G5, there is no dispersion in the output beam. If
s1 # f, the focus will be either 2(s; — f) before or after G, which is proportional
to the stretching factor that is defined as the stretcher pulse length divided by the
oscillator pulse length. If s; < f, the pulses will be positively chirped. The optical
path length for the red wavelengths is shorter than for the blue. Pulses leaving the
stretcher will have positive slope of frequency versus time, i.e. a positive chirp. The
mirror M1, directs the beam through a second pass of the stretcher to avoid walk off
of the beam. For a small beam size, this mirror may be aligned slightly angularly
deviated from retroreflection without introducing an undesirable amount of spatial
chirp [101].

After pulse amplification, the chirp that was introduced by the stretcher must be com-
pensated for to recover a transform limited pulse. This is done by using a compressor.
In the same fashion as the stretcher module, the compressor consists of two gratings
as shown in Figure 2.10. The gratings must be of high optical flatness (A\/4—\/10) to
ensure a good output beam quality. Usually one of the gratings is fixed and the other
is mounted on a translation stage as the chirp introduced by the stretcher needs to be
correctly compensated and the parallelism of the gratings faces must be preserved to
avoid spatial chirp on the output beam. In the compressor, a pair of mirrors is used

in a roof geometry to direct the output beam above and parallel to the input beam.

2.5.2 CPA laser system at Imperial College

After the oscillator, the beam first passes through a Faraday isolator to prevent
potential back reflections from the amplifier to travel back into the oscillator which
can compromise the stability of the oscillator. The beam is then directed into an
Offner configuration stretcher that consists of a single grating and a folding mirror

which ensures the beam hits the grating four times with a throughput efficiency of
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Figure 2.10: Schematic of a pulse compressor employed in a CPA laser system which is
complimentary to the stretcher stage. Adapted from [101]

~ 50%. Pulses are stretchers to &~ 150 — 200 ps to ensure a sufficiently low intensity
during amplification to prevent damage to the optical elements in the amplifier. The
spectral bandwidth of the seed pulses from the oscillator must be > 45 nm to ensure
the pulse is stretched sufficiently.

Before the pulses are sent for further amplification the 89 MHz pulse train is selected
down to 1 kHz as it passes through a Pockels cell and polariser configuration. The
Pockels effect was described in section 2.2.2. When no voltage is applied the pulses
remain horizontally polarised and are blocked by the polariser. When voltage is ap-
plied to the Pockels cell, it acts as a half—wave plate and vertically polarises the light
allowing it to enter the first amplification stage as only vertically polarised pulses
will pass the subsequent polariser. The Pockels cell is triggered at 1 kHz which tunes
down the pulse train frequency [98] [10].
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Amplification is achieved via a 13 pass multi-pass amplifier which boosts the pulse
energy from the 5 nJ at the oscillator output to 2.5 mJ. The amplifying medium is
a Titanium:Sapphire crystal which is cryogenically cooled by liquid helium and kept
under a vacuum of 10~7 mbar — this is to avoid thermal lensing effects and to pre-
vent condensation on the crystal surfaces. Liquid helium is used to maintain a crystal
temperature of ~ 75K during pumping. This ensures a high damage threshold and
thermal stability.

In the same manner that the oscillator uses, a pump laser is used to create the popu-
lation inversion required for amplification in the Ti:sapphire crystal of the amplifier.
The laser used in this case is the DM30 which is a Q-switched Nd:YAG laser (fre-
quency doubled to operate at 532 nm) which performs with 30 W of power, 1 kHz
repetition rate and a 15 ns FWHM. The timing between the pump pulse and the seed
pulse is optimised such that the gain is maximised and any amplification of sponta-
neous emission (ASE) is minimised. The last of the 13 passes through the amplifier
is picked off by a mirror and is steered towards the pulse cleaning stage. There is a
second Pockels cell /polariser pair located at the output of the first amplifier which
serves to "clean up” the pulse train, in other words to reject any small pulses which
may have seeped through the first Pockels cell/polariser pair and were subsequently
amplified. It is important to have this stage in the system to remove any pre or post

pulses as they can be further amplified by the second amplifier.

To further increase the energy the pulse train is sent to a second amplification stage
which serves to bump up the energy from 2.5 mJ to 14 mJ. Again for this stage two
pump lasers are used — one is identical to that used in the first amplification stage
and the other is the same model but a 40 W output power. Due to the fact that
the pulses are now of higher energy than those entering the first stage and the fact
that the energy gain is exponential, it only takes two passes to extract all the pump
energy from the crystal. In the last stage the pulses are directed towards a compressor
as illustrated below in Figure 2.10. After two bounces off the gratings the pulse is
compressed down to 25 fs. The angle of the compressor grating angle with respect to
the input beam has to approximately match that of the stretcher grating to correct
for third order dispersion effects which inhibit attaining a transform limited pulse.

The distance between the two gratings is used to correct for second order dispersion
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effects. Parallelism of the gratings mitigates spatial chirp in the output beam. The
throughput efficiency of the grating compressor is ~ 65% which results in an output
energy of ~ 8 mJ.

At the end of the CPA module the end product is a short, intense pulse. The resultant
pulse train has a repetition rate of 1 kHz, centred at 800 nm with a bandwidth of
~ 45 nm and a typical pulse duration of 25 fs and powers in excess of 8 W can be
achieved.

A full schematic of the laser system used in this PhD is shown in Figure 2.11 on the

next page.
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2.6 Pulse characterisation

Whilst it is all well and good to boast the achievement of a 25 fs pulse, this needs to
be diagnosed and measured in the laboratory. The method of choice that has been
used for the KM Labs Red Dragon in this project insofar is that of Spectral Phase
Interferometry for Direct Electric Field Reconstruction (SPIDER) [104] [105] .

Figure 2.12 is an outline of a typical SPIDER apparatus. SPIDER is a spectral shear-
ing interferometry technique in which all measurements are made in the frequency
domain. In essence what happens is that the beam is split in two by a beamsplitter
— one part is passed through a 2 grating stretcher which introduces a negative chirp
that stretches the pulse, the other is further split in two by another beamsplitter
upstream to create the two time delayed replicas, delayed by 7, via an etalon. To put
some numbers to this technique take a 150um thick etalon; by the relation 7 = %

the delay is 1.5 ps [106].

Chirped pulse Spectrally
/ \ SHG crytsal _sheared pulses

| [ AN ﬂh;
/ \_ Michelson / N /U H =

Interferometer Time delayed

il

replicas Filter Spectrometer

Figure 2.12: Schematic of a general SPIDER for pulse characterisation

The amount of chirp introduced by the grating stretcher is —2x 10° fs? which stretches
the pulse to 20 ps. The stretched pulse is recombined with the replicas by focusing
them into an SHG crystal with a lense; using a beamsplitter is impractical as it causes
a loss of signal from the replicas therefore reducing the SPIDER signal. The pair of
time delayed pulses are then upconverted along with the chirped pulse in a non—linear
crystal, e.g. BBO. The purpose of this step is to interfere each of the pulse replicas
with a different temporal, hence spectral portion of the stretched pulse which results
in the generation of a pair of pulses that are sheared by an amount 2. The amount
of shear is dependent upon the chirp and the time delay selected: 2 = ﬁ [106].
The spectrally sheared pulses interfere to generate a spectral interferogram which
encodes the phase information of the original pulse. The up conversion of the two

800 nm replica pulses with the chirped pulse generates two pulses at 400 nm which
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are separated by a delay 7 and are sheared in frequency by €2 = ﬁ The beams
are then focused onto a slit into a spectrometer. The SPIDER trace, S(w) is Fourier

transformed to the time domain to produce:

S(t) = FT{S(w)} = S(t) = Apc(t) + Auc(t — 7) + Apc(t +7)° (2.21)

The Fourier transform of the interferogram produces three peaks, the first term in the
above equation contains information about the spectral intensity of the initial pulse,
the second and third terms are the AC terms which are born out of the interferences
and contain the phase information. Filtering around ¢ = +7 and applying an inverse
Fourier transform reconstructs the total phase: d¢(w) + w7. It is also necessary
to remove the linear spectral phase term w7 since it introduces a shift in the time
domain. The value of w7 is measured by recording the interference pattern from the
two pulse replicas since the only phase contribution is from w7. The contribution
from the third term of the above equation is also filtered out since it contains the
same information as the second term being a time reversed replica of it. The resultant

phase difference is given by:

1
Qd(w + Q2+ wo) — ¢(w + wo)

dp(w) = (2.22)
The spectral phase is retrieved from the phase difference by the concatenation tech-
nique wherein the phase is sampled at intervals of the spectral shear. Setting ¢(wg) =

0 the phase at each frequency w,, can be reconstructed:

n—1 1

Bun) = X 500() (223)

The summation of these phase differences in conjunction with the spectral phase
measurements can be used to reconstruct the pulse in the spectral and temporal
domains. Figure below is a measured SPIDER trace from the KM Labs Red Dragon
CPA laser system. The trace of the intensity of the second harmonic signal versus

the amount of optical delay is known as the autocorrelation function (ACF) trace.
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By assuming the shape of the pulse, its duration can be determined by multiplying
the width of the ACF by a form factor. For example for a Gaussian pulse it is %,
which, when multiplied by the ACF FWHM of 39 fs as in Figure 2.13 gives a retrieved

duration of 29 fs.
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Figure 2.13: Typical SPIDER trace measured in the laboratory. The top panel shows the
spectral phase which is flat for the wavelength range of pulse being measured indicating
that the pulse is compressed optimally. The bottom panel shows the pulse duration mea-
sured. The red trace is that of the retrieved pulse we measure and the yellow trace is the
autocorrelation function trace.
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2.7 Generation and characterisation of the idler

In order to realize our goals of extending the cut-off of the HHG spectra to access
dynamics on a longer timescale and to eliminate temporal averaging in the HHG
process a long wavelength, short pulse source needs to be developed. Following the
work by Schmidt et.al [21] where a 1.6 cycle pulse at 1800 nm was generated and
characterized we intend to employ the idler from the TOPAS OP—CPA system [107]
in conjunction with propagation through a hollow core fibre to clean up the spatial
mode of the beam but also has a primary function in further pulse compression
through self phase modulation in a gas filled hollow core fibre. This section will detail
the intended procedure for ultrashort mid—IR pulse production, characterization and

considerations to be noted when working with this beam.

2.7.1 Near-IR wavelength generation

The commercial TOPAS OP-CPA (from Light Conversion) laser can be tuned to op-
erate at wavelengths in the range 1100-2000 nm, typically outputting ~2 mJ at 1300
nm. The TOPAS does not operate independently and must be pumped by ~8 mJ
from the 1 kHz KM Labs Red Dragon laser which generates ~ 30 fs pulses at 800
nm. This is one downfall of working with the TOPAS in the sense that it inherits any
instabilities or mode profiles from the pump laser which can be detrimental to the
TOPAS operation. The principal components of the TOPAS are outlined in Figure
2.14

8 mJ, 800 nm, LB TR

A QA
30 fs, 1 kHz ©
A | Sionat 1.4 md, 1.7
Idler 1.4 mJ, 1.7 ym,
BBO1R§{BBO2 BBO3 | T

Figure 2.14: Layout of the main components and stages of the HE-TOPAS OP—CPA NIR
wavelength generation system. The WLG (white light generation stage) produces the white
light continuum. From [107]

The HE-TOPAS is the source of radiation from 1100 — 1700 nm in the lab. The
apparatus is seeded with 8 mJ of 800 nm radiation. A fraction of the 800 nm input
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beam (=~ 1—3uJ) is focused into a sapphire plate to generate a white light continuum
(WLC). The WLC beam and another split off of the 800 nm beam (= 30 — 504J)
are focused into the pre—amplifier crystal non—collinearly. The non—collinear geom-
etry enables the amplified signal beam to be separated easier from the idler and the
residual pump beam. The angle of the crystal can be tuned by the software module
to select the amplified signal wavelength. The delay of the pump beam can also be

adjusted in a similar manner to maximise the amplification efficiency.

The residual pump and idler are blocked by a beam block after the crystal and the
signal beam is collimated by a lens telescope before it is sent to the second ampli-
fication stage. 0.3 — 0.6 mJ of the 800 nm pump beam energy is used to pump the
second amplification stage. The pump and signal beams are overlapped collinearly
in the second non—linear crystal. The signal and idler generated from this stage are
further used to seed the high power amplification stage along with the 7.0 — 7.5 mJ

of the input 800 nm beam. These beams are collinearly overlapped in a third crystal.

Parametric amplification in this crystal will amplify the signal (idler) and produces
an idler (signal). Both the signal and idler beams are collinear after this crystal. A
dichroic mirror is used to reflect the 800 nm pump beam into a beam block. The
amplified NIR output is then composed of an S—polarised signal (1200 — 1600 nm)
and a P—polarised idler beam (1600 — 2000 nm).

The signal and idler are separated with an appropriate wavelength separator (dichroic
optic). It is from this HE—TOPAS system that we obtain the 40 fs pulses at 1.7
pm with a power of = 1.5 W at 1 kHz. It is intuitive to see that propagation
of the Fourier—limited 800 nm input beam is altered by the transmissive optics in
the TOPAS. Detuning the 800 nm lasers compressor to compensate for the chirp
introduced by the TOPAS will ensure the system is optimised to achieve the max-
imum output power and the shortest attainable duration pulse. The operation of
the TOPAS is almost totally dependent upon the quality of the beam from the 800
nm pump laser (of course it can not be totally attributed to the pump laser as the
quality and alignment of the OP—CPA optics may also compromise the operation of
the laser). The pump intensity needs to be high enough to drive the final amplifi-
cation stage into saturation. OPA’s instantaneously adapt the gain to the amplified

signal power level, since they do not store energy in the gain medium in the same
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way that, say, Ti:sapphire crystals or laser dyes do. Too low a pump intensity will
give a low conversion efficiency and may impede the consecutive amplification stages

from operating correctly [8].

2.7.2 Spectral broadening

Spectral broadening in a gas filled hollow core fibre [108] is the method in which
further temporal compression is achieved. Spectral broadening can be achieved by
using an argon filled hollow core fibre. Typical fibre specifications are a 1 m heavy
wall capillary with a 400 pm inner diameter. The fibre is fitted with anti-reflection
CaFy entrance and exit windows to minimize dispersion. A 1 m focal length mirror
is used to focus into the fibre and a similar optic is located at the end of the fibre to
collimate the beam. Non linear processes in the fibre such as self-phase modulation
(SPM) can occur which results in the trailing edge of the pulse becoming steeper than
the leading one — this results in an asymmetry in the spectral phase. This can be
compensated by inserting &~ 3 mm fused silica window in the beam path. The amount
of spectral broadening a pulse of temporal FWHM, 7y , undergoes as it propagates

through the hollow core fibre is given by equation 2.24:

Aw = 086 L’y(z)P(z)dz (2.24)

To Jo
where the power, P(z)= Py { exp(—az) wherein « describes the attenuation coeffi-
cient for the intensity losses in the walls of the fibre, Py is the power incident on the
fibre, £ is the coupling efficiency and z is the propagation distance. (z) takes into
account the non-linear refractive index of the gas, pressure variation along the fibre,
central frequency of the pulse and the area of the first Bessel mode. L is the fibre

length. A schematic of the laser set-up used to instigate spectral broadening is shown

in Figure 2.15.

The idler generated from the HE-TOPAS which is typically centred at 1750 nm with
1 mJ pulse energy and a 40 fs duration. This beam is focused into a hollow core fibre
that is 400 pum in diameter and 1 m long. The fibre can be evacuated or filled with
argon or neon up to a maximum pressure of 2 bar. As seen in section 2.2.2 where

self-phase modulation is described, broadening is a linear function of n, and I. Argon
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Figure 2.15: Layout of the spectral broadening beam line including the main components
and stages of the HE—TOPAS OP—CPA NIR wavelength generation system and the hollow
core fibre. The WLG (white light generation stage) produces the white light continuum.
From [107]. HCF is the hollow core fibre.

is used by those who have a low intensity available as it has a high ny value and a low
ionisation potential of 15.6 eV. Neon is better used when the incident beam of a high
intensity as it has a smaller value of ny which is compensated by a higher ionisation
potential of 21.6 eV.

There is a limit to the maximum intensity that can be used in the spectral broaden-
ing process. If the intensity exceeds that of the ionisation saturation intensity of the
medium this will cause significant free electron dispersion. This will distort the pulse
such that the chirp will not be linear and thus very difficult to compensate for at the

output of the hollow core fibre.

The fibre can either be statically filled or differentially pumped. There are entrance
and exit tubes on the fibre where a dry scroll pump can be used to evacuate the fibre
or to fill the fibre with gas. For a statically filled fibre both the pump is isolated
and both the entrance and exit tubes are filled with gas. If a fibre is statically filled
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with gas, a plasma can form at the entrance of the fibre if the focusing is quite tight
and this can cause defocusing, which reduces the coupling efficiency, and can cause

potential damage to the fibre.

The fibre can also be differentially pumped - as is the case for the fibre used in this
PhD. The entrance tube is evacuated to ~ 10~! mbar whilst the exit tube is filled
with gas, up to 2 bar. Figure 2.16 below shows the spectrum of the idler, centred
at 1700 nm, starting at 0 bar before the fibre is filled with argon at increments of
0.2 bar. The spectral broadening is evident, the shape of the broadened spectrum

presents modulations which are characteristic of the self phase modulation process.

1.2 bar v v v \

Intensity (arb.)

1200 1400 1600 1800 2000
A (nm)

Figure 2.16: Broadened spectra as a function of pressure of argon in the hollow core fibre.

At the fibre exit the beam is collimated using a concave mirror and is directed towards
chirp compensation optics. Chirped mirrors are commonly used for chirp compen-

sated for an 800 nm broadened spectrum. In the case of the idler wavelengths of
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interest to this thesis, the pulses are compressed in time by exploiting the anomalous
dispersion provided by fused silica wedges. Bulk material like fused silica provides
negative group velocity dispersion (GVD) in the idler spectral range of 1600 - 2200
nm. In this scheme, sub-two cycle pulses at 1800 nm have been achieved.

The hollow core fibre was not used for generating intense, few cycle, IR laser pulses
in this thesis. In this thesis, the evacuated hollow core fibre was used for the purpose
of mode cleaning. The beam profile of the idler tends to exhibit distortions in its
intensity and phase profile which are often caused by scattering from optical defects
or particles in the air. The beam is focused into the fibre by the f = 75 cm mirror
into the 400 pm diameter fibre and is recollimated by a second concave mirror at the
fibre output as shown in Figure. As a result of the beam propagating through the
spatial filter, higher order transverse electromagnetic (TEM) modes are suppressed
and the emergent beam has a higher beam quality represented by an M? value closer
to unity. In essence, the spatial filter involves focusing the beam, thus producing an
image of the input beam, with all of the imperfections in the beam profile defocused
in an annulus about the axis. The fibre diameter acts as a pinhole to block the
majority of the high spatial frequency intensity components of the beam which, if
propagated could cause damage to the optics in the beamline to the chamber and
can compromise the resolution in the HHG data which needs to be very clean for the

experiments discussed in this thesis.
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2.7.3 NIR pulse characterisation methods

SEA—SPIDER (Spatially Encoded Arrangement- Spectral Phase Interferometry for
Direct Electric field Reconstruction) [109] was implemented for the pulse characteri-
zation for the first two years of this PhD and will be briefly described here before the
currently implemented technology, frequency resolved optical gating (FROG) is dis-
cussed. This technique poses a number of advantages over conventional SPIDER [110].
There is no phase distortion introduced to the pulse to be measured prior to up con-
version. Instead of the conventional SPIDER technique of mixing two time delayed
replica with an ancillary chirped pulse, the pulse to be measured is sent directly
into the crystal with two delayed ancillas to end up with the two sheared and delayed
replica. A schematic of the SEA—SPIDER as implemented in the laboratory is shown
in Figure 2.17.

4 / 532 }! 2 1 kHz
N 0.3mJ
« > FM1 \/ r
.l
2D S t
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[ — |
) — .,____'_;/ i
— 045601700 2000
e e A (nm)

Figure 2.17: Concept of the mid-IR SPIDER apparatus. Adopted from [111]

Within the SEA—SPIDER pulse reconstruction lies another advantage of the design
in the sense that the spectral phase and amplitude are reconstructed for every position

y along the vertical axis. This means that complex distortions such as pulse front
tilt and spatial chirp can be measured [90]. The SEA-SPIDER trace (as described by
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equation 2.25) is also very easy to interpret as shown in Figure 2.18, a tilt of the fringes
corresponds to a go((f) phase term, which can be interpreted as chirp from the Taylor
expansion, this corresponding increase in pulse duration can usually be corrected by
adjusting the translation of one of the compressor gratings in the CPA laser system
whilst monitoring the phase on the interferogram until it is flat. Curvature of the
spatial fringes is introduced by the <p(()3) term and can be understood as cubic phase
which manifests itself as pre or post pulses in the temporal domain. The tilt of the
compressor gratings can usually be corrected for this distortion. For a pulse with a
field defined by E(y,t) = [T A(y,w) exp[id(y, w) — iwt]dt where A(y,w) and ¢(y,w)
are the spectral and amplitude of the pulse respectively and y is the vertical spatial

co-ordinate, the SEA-SPIDER trace is given by:

Sy.w) = |E(y,w)’+|E(y,w—Q))* + 2| E(y,w)| |E(y,w — Q)|
x cos [p(y,w) — oy, w — Q) + Aky| (2.25)

where (2 is the spectral shear, Ak is the difference of the two wavevectors arising from
the angle between the two signal beams. The complete temporal field E(y,t) can be
reconstructed from S(y,w) for every spatial position y; leading to a spatially resolved

single shot characterization of the pulse.
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Figure 2.18: SEA-SPIDER traces from a femtolasers oscillator (a) for a positive @62), (b) for
a recompressed pulse and (c) for a negative chirp. The small wiggles in (b) are indicative
of residual higher order phase terms. Taken from [90]

Figure 2.19 is an example of a SEA-SPIDER trace recorded in the laboratory for the
1.7 pm wavelength idler pulse that was used for the preliminary experiments in this
thesis. The pulse to be measured is the idler output of the TOPAS which has ~ 40

fs duration, 1.4 mJ energy per pulse and is centred at 1700 nm.
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Figure 2.19: (a) SEA-SPIDER fringes across a 1D slice of the pulse (spectrometer slit)
generated from the upconversion of the test pulse with two spatially chirped pulses (ancillas).
(b) Temporal profiles of pulses characterized by the SEA-SPIDER. Traces are shown as a
function of argon pressure in a hollow core fibre to illustrate the generating of shorter
pulses by self phase modulation in the fibre. 1.4 mm of fused silica is used for the temporal
compression of the pulse. Images courtesy of Dr. Dane Austin.
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2.7.4 Frequency Resolved Optical Gating

Although the SEA—SPIDER is a very intuitive pulse characterisation device, it was
found to be very time consuming to operate. In 2014, Dr. Dane Austin constructed a
single shot SHG FROG [112] which has been implemented to characterise the majority
of the NIR pulses that were used in the experiments whose results are presented in
chapter 6.

Autocorrelation is a very widely used incomplete characterisation method. It provides
an estimate of the pulse duration but a limited insight into the structure of the pulse
to measured [90]. In a simple SHG autocorrelator the pulse to be measured is split
into two identical replicas in a Michelson interferometer with a relative delay, 7. Both
replicas are focused into an SHG crystal at an angle, 6, where they are spatially and
temporally overlapped. The angle of incidence of the pulses determines the scaling of

the mapping between time and space:

CT

r= S5in(0/2) (2.26)

where ¢ is the speed of light, 7 is the delay between the two replicas and @ is the
angle between the two replicas. The intensity of the SHG signal is then recorded as
a function of delay — better overlap results in a higher SHG signal. The SHG in the

crystal contains three contributions:

e The upconversion of the first replica with itself, F(t)
e The upconversion of the second replica, E(t-7), with itself

e A cross—term between both replicas

Each of the contributing terms exits the crystal at a different angle with the cross—term
being on axis. A spatial filter is used to select this component onto a slow photodiode.

The electric field on the photodiode is given by:

Bs(t,7) o E()B(t — 1) (2.27)
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The response of the photodiode is assumed to be much slower than the pulse duration

such that the electric signal is proportional to the integrated intensity of Eo(t,7):

S(r) / | Ea(t, )| dt o / IOt — 7)dt (2.28)

This can be described as an intensimetric autocorrelator [90] which allows one to
make a measurement of the intensity envelope of the test pulse. It is also background
free in the sense that the signal goes back to zero when the two replicas are not over-
lapping. To make an estimate of the pulse duration however requires an assumption
to be made on the pulse profile. This is included by a deconvolution factor relating
the spatial width of the signal, Az to the pulse duration At such that At = Ax/k

where, for example, k is 1.41 for a Gaussian shaped pulse.

An interferometric autocorrelator [90] can give some insight to the pulse spectrum.
This differs from the intensimetric autocorrelator as the pulse replicas are focused

collinearly in the second harmonic crystal. The second harmonic signal is now given
by:

S(7) / \E(t) + E(t —7)[*dt (2.29)

which is recorded as a function of delay and produces a signal that has a width re-
lated to the pulse duration and is modulated with a period of 27 /wy. This is because
the interferometric signal exhibits fast oscillations which correspond to the beating
between different terms of the SHG process. For a transform limited pulse these
modulations are strong with a characteristic shape which is washed out when a pulse

is strongly chirped.

Due to the fact that autocorrelators are insensitive to pulse intensity and phase struc-
ture in a pulse they are not reliable for the accurate measurement of ultrashrot pulses.
A full self—referenced characterisation based on autocorrelation can be performed by
frequency resolved optical gating (FROG). FROG involves measuring a spectrally
resolved autocorrelation which provides a spectrogram of the pulse. A phase retrieval

algorithm can be implemented to recover the pulse intensity and phase of the subject.
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There are many variations of FROG but here the discussion shall be limited to the
familiar technology of the SHG FROG.

SHG FROG
The idea of FROG is to temporally slice (gate) the pulse, E(t), and to measure the
spectrum of this gated pulse as a function of delay between the gate, G(t) and the

test pulse as shown in Figure 2.20.

/Yulse to be measured

e y

beamsplitter

e
N

— v -
variable SHG crystal Egjg(t, )
delay line >
y Spectrometer and
T E(t)
camera

Figure 2.20: Typical layout of a second harmonic generation FROG (SHG FROG). Adapted
from [105]

The 2D FROG signal is given by:

S(r,w) ‘ [ B@G( —)e=an ; (2.30)

where E(t) is the electric field of the pulse and G(t — 7) is the intensity dependent
gate which, in the case of SHG FROG is given by G(t — 7) = E(t — 7) such that gate
is just a time delayed replica of the test pulse. The SHG signal field is proportional
to the product of the electric field of the pulse and that of the delayed pulse. The
spectrum of the SHG field is measured for each delay position, 7 which generates
the FROG spectrogram which is the optical intensity as a function of frequency,
w and delay, 7. As shown in Figure 2.20, the SHG FROG is extremely easy to
implement and is akin to a intensimetric autocorrelator with the photodiode replaced

by a spectrometer. An iterative algorithm, which shall not be discussed in detail, is
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implemented to retrieve the spectral phase and amplitude of the subject pulse. The
algorithm basically reconstructs the original pulse by minimising the error between
the measured FROG trace and the trace generated by the reconstructed pulse. An
example of a FROG trace taken in the laboratory is shown in Figure 2.21.
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Figure 2.21: Measured and reconstructed FROG traces acquired using the SHG FROG
constructed in our laboratory. Measured FROG trace (top left), reconstructed FROG
trace (top right), retrieved pulse shape (green dashed line) and phase (dashed blue line)
(bottom left), retrieved power spectrum (blue solid line), and phase (dashed blue line) and
independently measured spectrum (red line) (bottom right). Courtesy of Dr. Dane Austin
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Chapter 3
HHG Spectroscopy

HHG Spectroscopy is a rapidly advancing field for probing the ultrafast electronic
and nuclear dynamics in molecules with exquisite temporal resolution on an attosec-
ond timescale and Angstrom spatial resolution. HHG Spectroscopy has already been
applied to an abundance of hydrocarbons [113] [114] [115]. Studies have also recently
been performed on molecular isomers [116]. In this chapter I shall discuss the capa-
bilities of HHG spectroscopy in terms of the nature of the dynamics and structural
information that can be gained about a molecule. I will finish each subsection with
a comment on what information we propose we can gain from HHG spectroscopy on

benzene and substituted benzene molecules.

3.1 Molecular alignment

The previous sections of this thesis have instilled an appreciation for the complexity
of molecular structure in the reader. Hence it is of great importance to have the
ability to control the molecular axis with respect to the electric field of the laser.

As was discussed previously, the rigid rotor treatment can be applied to molecules to
determine its rotational energy. In this case we can envision the molecular bonds as
rigid rods and the molecule as a rigid rotor. It has already been shown that the quan-
tised rotational energy is given by: E, = Z—jJ (J41). It is more common to employ the

rotational constant B (units of em™!) in this expression such that E, = BheJ(J + 1)

_h
8m2cl *

molecular alignment. The evolution of the rotational part of the rotors wavefunction
t For the first

where B = The rotational period of the molecule is an important parameter in

is given by ¥ it and hence the period of evolution is T,, = %

137



rotationally excited state we have J = 1 so we can deduce that the rotational energy
is Er j—1 = 2Bhc which results in a rotational period of T}, = ﬁ. Rotational re-
vivals are only a feature of impulsive alignment which will be discussed as this section

progresses.

The degree of alignment is quoted in terms of (cos?(6)), where 6 is the angle between
the electric field of the laser and the molecular axis. Perfect alignment along the
direction of the laser field would yield (cos?(f)) = 1 whilst anti-alignment wherein
the molecules are perfectly aligned in the plane perpendicular to the laser electric
field is described by (cos?(f)) = 0. An isotropic distribution of angles is given by
(cos?(0)) = 3.
The expression for the quantised rotational energy of a molecule holds for any co-
ordinate transformation and is true in general. This treatment is also applicable
to polyatomic linear molecules as well as symmetric top species. Symmetric top
molecules have equal moments of inertia in two axes and can be prolate (the equal
moments are larger than that of the third moment) as is the case for allene, or
oblate (the moments are smaller than that of the third moment) as for benzene.
Symmetric top molecules have an additonal rotational quantum number K which
measures the component of J along the top (molecular symmetry) axis. Thus, the
rotational angular momentum vector J has components hK along the top axis and
hM; along the laboratory z axis. This treatment is not applicable to asymmetric
top molecules since they have three different moments of inertia. There is no general

energy level formula available for an asymmetric top molecule.

3.1.1 Static electric field alignment

One of the first methods to achieve molecular alignment was to apply a static electric
field to polar molecules. In this regime, the molecule feels a torque, 7, due to the
interaction of the applied D.C field of magnitude E with the dipole moment of the
molecule, . The magnitude of the torque is given by [117]:

T = pFbsin(0) (3.1)
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In the presence of the applied electric field the molecule experiences a torque which
leads to the alignment of the molecular axis along the electric field direction. The
main disadvantages of this technique are the fact that alignment of the molecules is
only realised in the presence of the field, this can be detrimental to some applications
especially when effects such as distorting the molecular potential and affecting the
continuum electron trajectories are undesirable. Whilst this method of alignment
works efficiently for rotationally cool molecules in strong electric fields it is limited in
the sense that the strength of the applied field is restricted by the electrical breakdown

of the medium.

3.1.2 Laser induced alignment in the adiabatic limit

As mentioned above the restriction of only being able to align polar molecules is a
potential problem for those wishing to work with more sophisticated molecules. This
can be overcome by applying laser light whose electric field oscillation strength is suf-
ficient to induce a dipole in non-polar molecules. The induced dipole then aligns itself
along the direction of the applied electric field vector. If this is achieved in a regime
where the laser pulse duration (ns-ps duration), 7., is longer than the rotational

period of the molecule T,,; then this is referred to as adiabatic alignment [118].

The interaction potential between the electric field and the dipole induced in the

linear molecule is given by [119]:

Val6) = —5 ()0 cos(9) + ac,5in(9)) (3.2)

In this equation, E(t) is the magnitude of the time varying electric field and 6 is the
angle between the internuclear axis and the electric field. o) and « | are the parallel
and perpendicular polarisabilities of the molecule which are define relative to the
internuclear axis and 6. Knowing that we can rewrite E(t) as E(t) = Ecos(wt) and
make the following substitution sin?(0) = 1 — cos?(f) formats the equation for the

potential to:
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Va(0) = —iEQ(aH R —iEZAacos%e) (3.3)
In this expression, Aa = «aj — a. For effective alignment it is necessary that a
molecule has a large polarisability along one axis and a small polarisability along
the perpendicular axis. Since the laser pulse is taken to be longer than that of the
rotational period of the molecule this implies that the intensity of the pulse must be
kept low enough (< 10'® W/ecm?) to prevent ionization of the medium. As was a
problem with static field alignment discussed above, the presence of the aligning field
can distort other experimental interactions such as distorting the molecular potential
and continuum electron trajectories. It has also been experimentally observed that the
strength of the applied field and the weight of the molecule determine the timescale
for the alignment to occur. For example, applying a 100 fs laser pulse with a peak
intensity of 10 W /cm? results in hydrogen molecules being fully aligned in that

timescale, whilst CO, is hardly affected in that time window.

3.1.3 Impulsive alignment

In this regime the laser pulse is of much shorter duration than the rotational period
of the molecules. During this short interaction the molecules in the interaction region
receive a “kick” from the laser electric field that causes the molecules to rotate. For
linear and symmetric top molecules, which have a regular energy level structure, the
molecules will align along the direction of the laser field at regular intervals when left
to evolve as free rotors. These intervals are known as revival times and correspond
to the fundamental period of rotation of the molecule. Alignment which occurs just
after the laser pulse is called post-pulse alignment whereas the revivals are seen to

occur at fractions of the rotational period of the molecule.

At the time of revival the peak of alignment, which is along the direction of the elec-
tric field, is followed by an anti-alignment peak. During this anti-alignment peak all
the molecules lie in a plane perpendicular to the electric field - oblate alignment. At
half the rotational period, a half revival is evident except it differs from the full revival
in the sense that the ordering of the alignment and anti-alignment peaks is reversed.

In some cases, quarter and eighth revivals of lesser magnitude are visible. Figure 3.1
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shows a half revival obtained in benzene during this PhD. We have achieved molecu-
lar alignment of benzene using an 800nm-800nm alignment-generation configuration.
The beams were focused using a 30cm focal length mirror onto a thin 100um gas-jet.
The backing pressure for benzene was 1 bar and the nozzle was moved 10 nozzle
diameters below the interaction region in order to obtain sufficient cooling for the
alignment. The alignment beam was 0.1 mJ and the generation beam was 0.65 mJ
after the iris before the chamber entrance which was used to control phase matching
in the medium. The harmonic yield is measured at the alignment peak (t = 44.41 ps)
and the anti-alignment peak (t = 43.63 ps) of the half revival. As shown in Figure
1.17, the HOMO of benzene can be treated as a p orbital on each carbon nucleus
perpendicular to the plane of the hexagon. The molecular axis is defined as being
perpendicular to the plane of the hexagon, in other words in the same direction as the
maximum electron density of the m, HOMO orbital. The harmonic yield is expected
to be highest when the molecular axis is aligned along the harmonic probe laser
field polarisation direction (alignment peak) and the yield is expected to decrease to
a minimum when the molecular axis is perpendicular to the laser field polarisation

(anti-alignment) peak.
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Figure 3.1: Half revival obtained in benzene using an 800 nm-800 nm alignment-generation
collinear interferometer. The gas jet was placed ten nozzle diameters (of 100 pum) below the
interaction region. The green curve is the 17th harmonic of the 800nm generating field, the
blue is the 19th harmonic and the red and white curves are the integration over the 21st
and 23rd harmonics respectively.

Impulsive alignment can only be explained by quantum mechanics with respect to
the population of the J levels. The laser pulse kicks the molecules and places them
in a superposition of rotational states through Raman like transitions [118]. The

interaction can be described by the following equation [119]:

Paorto (0, 0,0)) = S Fyp s ()Y M0(8, p)e 177 +10 (3.4)

J>| Mol

In this equation, 1,5, denotes the original states, Fj, ;(t) is the complex coeflicient
associated with the transition from each rotational state, J is the angular quantum
number, M is the projection of J on the z axis and the subscript 0 denotes the state
before the laser-molecule interaction has taken place. The above relationship can be
concluded from the following analysis. Assuming that the laser is far from resonance

with any electronic transition in a molecule, the molecule can be rotationally excited
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via the absorption of two photons (Raman Excitation) [118].

Reverting back to equation 3.4 it can be deciphered as follows: The Y;7°(6, ¢) terms
are the eigenfunctions of J% and J, and are known as spherical harmonics. These
entities represent the probability of finding an electron at angles (0, ¢) in the solid
angle d{2:

Y M0(0, ¢)[dQ ~ | PMcos () [2d9 (3.5)

The Fj, ;(t)e=% 77+ term is the hybridization factor which contains the transition
matrix element from the initial ground state to the rotationally Raman excited states
J £ 2n where n is an integer. The short interaction time leaves the molecule in a
superposition of rotational states that, once the laser pulse has passed, evolve as
dictated by the unperturbed Hamiltonian. The moduli of the components of the
wavepacket remain constant whilst the phases keep evolving as they would in a field

free rotor, that is

Et

¢s(t) = ¢,(0) = — (3.6)

E; are the eigenvalues of the field free rotor which are given by E; = ByJ(J + 1) for
a rigid rotor. This infers that each element of the wavepacket rotates with a period
defined by J causing a periodic dephasing and rephasing at times multiple of the
fundamental rotational period. This leads to revivals of the aligned field generated in
the interaction with the laser pulse. Note that if the interaction is so strong that the
higher J levels are populated then the deformation caused by the centrifugal force in
the fast spinning molecules means that the eigenvalues of the field free rotor must be
written as [119]:

E; = BoJ(J +1) — Do J*(J 4+ 1) (3.7)

where Dy is the centrifugal distortion parameter. The onset of this effect serves to

break the coherence within the wavepacket which prevents a perfect reconstruction
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of the wavepacket. It skews the revivals lowering the degree of alignment until all
traces of a revival are diminished after a number of cycles. This effect is only crucial
kT

for cases where v = F- > 300 [119]. Taking the example of Ny which has a rotational
1

constant in the ground state level, By of 1.989 cm™. If we assume v = 300 the
temperature can be calculated to be ~ 800K which is well outside the catchment of

temperatures we deal with for the experiments concerned here.

The two main factors governing the degree of alignment are the strength of the align-
ing field and the number of rotational states populated at the interaction time. The
strength of the field, the intensity, is limited by the ionization threshold of the sample
- the fact that it is unfavourable to generate harmonics with the aligning field as this
skews the signal generated. The population of the states can be kept to a minimum
by using cold molecules. This can be achieved via rotational cooling, which will be

discussed in the next section.

3.1.4 Rotational cooling

Rotational cooling is produced by the supersonic expansion of a gas from a high
pressure region to a low pressure region. The key concept behind rotational cooling
is that the molecules transfer some of their rotational energy to translational energy
through collisions with other molecules. The regime of interest for this PhD is the
application of nozzle expansions wherein the nozzle diameter is much larger than the
mean free path of the gas molecules. In this regime there will be many collisions
amongst the molecules in the vicinity of the jet orifice.

As the gas propagates supersonically the collisions the molecules have with the back-
ground gas molecules establish a shock wave around the flow. This shock wave pro-
tects the beam from intrusions by warm, background gas molecules. The boundaries
of this shock wave are referred to as barrel shock which extends outwards from the
jet orifice to the Mach disk which is the disc shaped area perpendicular to the flow
direction. The gas expansion occurs at a velocity higher than the sound velocity in
the medium in the zone of silence region. This zone of silence can extend in length

according to the equation:
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2 = 0.67D, 22 (3.8)
Do

where x,, is the location of the Mach disc, D is the nozzle diameter and py and p,
are the source and background pressures respectively. In this region the further the
molecules travel from the nozzle the lower the temperature will be, however this de-
sirable trait is met with a lower particle density - both a low rotational temperature
and a high particle density are required for HHG experiments incorporating molecular

alignment [120].

Achieving low temperatures requires large values of the pressure diameter product
which implies a large gas jet diameter and a large backing pressure value. Note that
the mass throughput from the nozzle is given by pyD? so ultimately it will be the
pumping capacity of the vacuum chamber system that sets the upper limit on this.
If you back the gas jet with too high a pressure then you risk causing damage to the
spectrometer elements as will be discussed in Chapter 4. It also puts undue strain
on the pumping system which results in overheating and an increased risk of system
failure. Implementing a pulsed gas jet will inevitably allow a higher amount of gas
to be dumped into the chamber since it is only open for a certain period as opposed
to the continuous flow designs which constantly dump gas into the chamber. It is
important to note that in order for a supersonic expansion to develop the pulsed valve

must be open for a time of [120]:

4D
At > — (3.9)
ag
where ag is the speed of the sound in the reservoir given by ao(7") = % where R is

the gas constant and ( is the ratio ( = % In this regime, an ideal gas is assumed. For
rare gases such as helium expanding through a 1 mm orifice this inequality implies
that the nozzle needs to be open for 4 us in order for a supersonic expansion to

develop.
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3.2 Charge coupled nuclear dynamics

The unique properties of HHG enable direct time domain measurements to be made
on the electronic structure in molecules which is expected to occur on a timescale in
the sub femtosecond to attosecond range. The goal of this work is to develop the
theoretical and experimental tools required to understand the mechanisms of charge
migration in prototypical molecules such as benzene which is a common building
block in a variety of biomolecules. The ability to manipulate the electronic degrees
of freedom in a molecule on an attosecond timescale will inevitably pave the way for
the advent of attosecond chemistry in which novel methods for controlling chemical

processes and dynamics may be developed [121].

The advent of attosecond chemistry also addresses the breakdown of the
Born—Oppenheimer approximation [43]. Traditionally, following ionization, the ground
and lower lying electronic states of a molecule rely on this approximation to describe
the interaction between the electrons and nuclei in the system. Since the nuclei have
much larger masses (> 10*m,), where m, is the mass of an electron, the molecules
electronic configuration is assumed to adapt instantaneously to the changes in nuclear
motion. Potential energy surfaces (PES) describe how the electronic energy depends
upon the nuclear configuration which determines the extent of the forces exerted on
the nuclei. The Born—Oppenheimer approximation is valid provided that the energy
gap between the electronic states is quite large — when the energy gap is of a com-
parable magnitude to the energy within the nuclear degrees of freedom this approxi-
mation loses its validity. Under these conditions, a minor perturbation of the nuclear
co-ordinates instigates large alterations to the electronic properties which leads to
the nuclear and electronic motion becoming strongly coupled. Light atoms such as
hydrogen will move considerably on a femtosecond to sub—femtosecond timescale.
Nuclear motion involving light atoms can thus lead to cases where the attosecond

electron dynamics are influenced by non Born—Oppenheimer ramifications [121].

Ionization of a molecule by a laser field of sufficient intensity forms a coherent su-
perposition of electronic states which is followed by the migration of charge around
the molecule which may last up to a few femtoseconds before nuclear dynamics com-

mence. The sudden ionization of an electron populates a series of ionic eigenstates
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and creates a hole-like wavepacket that will evolve in time. However, the sudden
approximation is generally valid for 90-100 eV XUV ionization from outer/inner va-
lence states with attosecond pulses. For core ionization, the sudden approximation
requires keV photons. The Keldysh parameter for the sudden ionization of an outer
valence electron can be estimated if we take the an electric field of E,,,, = 0.01 a.u.
for an XUV laser field and a target [, ~ 11 eV (0.4 hartrees) using v = \/E For
this calculation we get v = 20 — 30. If we recall than the Keldysh parameter for tun-
nel ionization is v << 1 then we can deduce that within the sudden approximation
tunnel ionization can be neglected. This is not an ideal circumstance to be in when
trying to compare theoretical calculations with experimental data from HHG but is

a fundamental approximation for theoretical chemists to base calculations on.

Following ionization, which initiates the superposition of electronic states evolving
in time, the nuclear geometry will also become distorted from its equilibrium con-
figuration such that it must also evolve in time. Charge migration occurs when the
electronic motion is not coupled to the nuclear motion. Charge migration typically
takes place after the ionization of an inner valence shell electron. The positive charge,
or hole, created can migrate through the molecule driven by multiple electron effects.
Since the electronic motion typically occurs on a femtosecond to sub-femtosecond
timescale, the charge migration can be calculated by neglecting nuclear dynamics.
This is valid if the time window for the calculations is on a few femtosecond (typi-
cally < 5 fs) timescale but nuclear motion must be included to deduce what occurs
on longer timescales in the system. Tracking charge migration necessitates the calcu-

lation of the hole density which is defined as:

Q(?> t) = <\Ij0

P71 Wo) — (@

ﬁ(?a t)’ (I)z>

which can be expressed simply as Q(7,t) = po (7,t) - pi (7,t) where p is the den-
sity operator, |Wy) is the wavefunction for the ground state of the neutral and |®;)
is the wavefunction for the cationic state prepared upon sudden ionization. The
electron densities in the ground and cationic states are given by po(r) and p;(r,t)
respectively. Calculations have previously been performed on charge migration in

complex biomolecules such as the Tryptophan-terminated tetrapeptide Trp-Leu-Leu-
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Leu where Trp and Leu are the amino acids Tryptophon and Leucine respectively.
These results predict that a hole generated by the sudden ionization of the HOMO
localised on the Trp end of the molecule will migrate to the opposite end of the
molecule in &~ 750 as [122]. The spin density allows one to track the location of the
unpaired electron post ionization. Cederbaum et.al have also performed calculations
on large biomolecules such as PENNA [123].

If the displacement of charge in the molecule is due to changes in the nuclear geom-
etry we term this charge transfer. Obviously if the nuclei in a molecule remain fixed
such that only the temporal evolution of the wavepacket is permitted then oscillatory
charge migration will occur between the two participating states. The coupling of
nuclear motion to the electronic motion results in a damping of the electronic motion
in the system. Here we shall discuss the rationale behind choosing benzene and the
methylated benzenes for the calculations along with the calculation methodology and

the predicted dynamics.

Benzene, being a Jahn-Teller molecule [124] [44] will be used as a reference molecule
for calculations on electron and nuclear dynamics. The Jahn-Teller theorem states
that any molecule in a degenerate electronic state will be subject to an instability due
to coupling between nuclear and electronic motion. The benzene cation is a famous
example of a system that exhibits this distortion. The benzene cation has a *Ej,
ground electronic state configuration in the Dgj, point group with 3 electrons in the
doubly degenerate orbital. The degeneracy is removed by Jahn-Teller distortion of

the molecular framework to a lower symmetry.

In essence what happens is the benzene cation loses its degeneracy upon distortion
along one of two vibrational co-ordinates in the branching space. X; is the gradient
difference co-ordinate and connects the quinoid/anti-quinoid forms of the molecule.
As shown in Figure 3.2, the moat of the conical intersection contains the minimum
(Min) which is also known as the quinoid structure. Similarly, the transition state
(TS) labelled structures are also known as anti-quioinds. X, is the interstate cou-
pling vector which moves one quinoid (or anti-quinoid) structure to an anti-quinoid
(or quinoid) structure which is rotated 60° relative to the previous structure. This

behaviour is depicted in Figure 3.2. The neutral geometry Dy, is reduced to a lower
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symmetry point group, either Dy, or Cy;, depending on which vibrational co-ordinate
is chosen. There will be three pairs of quinoid and anti-quinoid structures, one pair for
each of the C, axes of the molecule. The adiabatic potential energy surface (APES)
of the two states becomes a surface of revolution (the "Mexican hat”) when plotted
versus the two coordinates that lift the degeneracy present at the Dg;, geometry. The
quinoid structures are termed minima on the APES whereas the anti-quinoids are

labelled as "transition states”. The degeneracy point becomes a conical intersection.

Min

Figure 3.2: Resonance structures of the benzene radical cation. The directions X; and X»
are the gradient difference and the gradient of the inter-state coupling vector respectively.
[125]

The calculations performed by Vacher et.al [125] are based on the Ehrenfest-CASSCF
approach. In the Ehrenfest approach, nuclear motion is described by classical me-
chanics following a trajectory. Electronic motion is described quantum mechanically

by a time dependent wavefunction which satisfies the time-dependent Schrodinger
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equation:

= AU(t) (3.10)

As discussed in section 1.7.3 the real wavefunction of a system is often too complex
to be directly found, so it is necessary to approximate it by a simpler wavefunction
which means it is possible to then solve the Schrédinger equation numerically. The
self-consistent field method (SCF) is an iterative method which involves firstly making
an initial guess of the initial molecular orbital coefficients ¢(r) using either Slater type
orbitals (STOs) or Gaussian type orbitals (GTOs). This is then used to approximate
the Hamiltonian and thus solve the linear Schrodinger equation to obtain a more
accurate set of orbitals, @improvea(r). These steps are repeated by resetting ¢(r) =
Gimprovea(r) after each calculation until the results converge and a self consistent
wavefunction is obtained [47].

The electronic wavefunction is expanded in terms of a set of eigenstates of the elec-
tronic Hamiltonian with energies at fixed nuclear geometries. Once the initial wave-
function at time ty is defined, the time-dependent wavefunction at time ¢, can be

expressed as:

W(t,: Q1)) = exp | 5 HIW (10,4, Q(1) (3.11)

where ¢ denotes the electronic co-ordinates and @(t) are the nuclear co-ordinates.
The electronic Hamiltonian is parametrized by Q(t) and varies slowly on the timescale
T =t —ty. After each electronic timestep, the nuclear positions are updated following
Newtons equations of motion. The corresponding potential energy function for the
classical nuclear degrees of freedom is defined as the expectation value of the electronic

Hamiltonian.
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An example of the dynamics that can be extracted from CgHg which we propose to
detect experimentally is the charge migration and charge transfer whilst the nuclei are
moving. The spin density oscillates between the quinoid and anti-quinoid resonance
structures around the moat successively as shown in Figures 3.3 and 3.4 for stationary
and moving nuclei respectively. It is evident in the simulation that after 2 fs the effect

of nuclear motion cannot be neglected.
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Figure 3.3: Simulation of the charge migration and charge transfer for the benzene radical
cation with fixed nuclei [125]
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Figure 3.4: Simulation of the charge migration and charge transfer for the benzene radical
cation when nuclear motion is allowed. [125]

Adding methyl substitutions to the benzene ring lifts the Jahn-Teller degeneracy of
the HOMO and HOMO-1 without significantly perturbing the electronic structure.
Further calculations by Vacher et.al performed as part of the collaboration with the
Theoretical Chemistry group at Imperial College have been done on toluene and para-
xylene using the Ehrenfest-CASSCF method described above [126]. These molecules
are expected to exhibit considerably faster oscillations due to the larger energy gaps
between the first two eigenstates of the cation. In Figure 3.5, for the case of benzene
with fixed nuclei there are no oscillations produced. This is due to the degeneracy
of the molecule - because the eigenstates are degenerate the electronic superposition
is propagated in time but no phase factors are included due the degeneracy of the

participating states. Since the energy gap is 0 eV, this indicates that the oscillation
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period is infinite.

On the right panel of Figure 3.5, the same calculation as in the left panel is shown
but with the nuclei moving. There is no significant change in the first 15 fs after
ionization which is similar to the case where the nuclei are fixed. However, on a
longer timescale it is expected that charge transfer will manifest as a consequence of

the Born-Oppenheimer approximation.
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Figure 3.5: Spin densities partitioned on carbon atoms as a function of time after ionization.
Calculation has been performed for benzene with fixed nuclei (left) and moving nuclei
(right) [126]

In Figure 3.6 the calculations for toluene with fixed nuclei are shown and then with
nuclear motion included. For the case with fixed nuclei oscillations of the spin densi-
ties partitioned on opposite carbons oscillate with a period of ~ 20 fs. This is directly
related to the energy gap between the eigenstates at this geometry. The calculations
used an energy gap of 0.21 eV between the ground and first excited states of the
cation at equilibrium geometry of the neutral. Unlike benzene, the addition of the
methyl group has broken the symmetry of the molecule such that the spin densities
on opposite carbon atoms is no longer the same. When nuclear motion is coupled, as
shown on the right panel of Figure 3.6, the evolution of the spin densities is identical
to that of the case with fixed nuclei for the first 2-3 fs post ionization. The spin

density does exhibit an oscillatory behaviour but this is not perfectly sinusoidal.

As discussed in the case of non Born-Oppenheimer dynamics, a difference in the spin

density oscillations between the fixed and moving nuclei scenarios is an indication of
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the strong interaction between the electronic and nuclear degrees of freedom. This
can be explained further in terms of the nuclear motion evolution. As the nuclear
trajectory moves away from the conical intersection it gains a component along the
X, gradient of the interstate coupling, such that it moves towards geometries where
the energy gap between the ground and first excited states gets larger. This speeds

up the the period of spin density oscillations between opposite carbon atoms.
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Figure 3.6: Spin densities partitioned on carbon atoms in toluene as a function of time after
ionization. Calculation has been performed for toluene with fixed nuclei (left) and moving
nuclei (right) [126]

In Figure 3.7 the calculation results for p-xylene with fixed and moving nuclei are
shown. For the case with fixed nuclei, since the energy gap used for these calculations
is 0.39 eV, the ~ 11 fs period of oscillations is easily predicted. The addition of a
methyl group at the para position in toluene restores the symmetry of the molecule
such that the amplitude of the spin densities on opposite carbons is equal as it was in
benzene. The faster oscillations due to the larger energy gap between the participating
eigenstates shows that we can exploit chemical substitution to gain a control over
the timescale of electron dynamics. When nuclear motion is coupled the oscillation
amplitudes are similar to the case with the fixed nuclei up to = 3 fs after ionization.
After this, similar trends are observed to what was seen in the toluene cation but
the electron dynamics are less pronounced in p-xylene than in toluene. This can be
understood in the context of the time evolution of the nuclear and electronic gradients.
Since the electronic character changes faster in p-xylene than in toluene the nuclear

gradient also reverses faster which leads to less nuclear motion.
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Figure 3.7: Spin densities partitioned on carbon atoms in p-xylene as a function of time
after ionization. Calculation has been performed for p-xylene with fixed nuclei (left) and
moving nuclei (right) [126]

The intentions for continuing this campaign will be focused on recording multiple sets
of data from the methylated benzenes. Calculations presented by Vacher et.al are
flawed in the application of the sudden approximation for the removal of an electron
from the molecule. The sudden approximation necessitates very short laser pulses
(a few hundred attoseconds) and high energy photons and is not representative of
the tunnelling ionization picture in HHG. They are, however, a starting point for

modelling such complex dynamics in large organic molecules.
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3.3 PACER on large organic molecules

High harmonic generation can also be used to observe nuclear dynamics in molecules
on a sub-femtosecond timescale using the PACER (Probing Attosecond Chirp En-
coded Recollision) technique [7]. The harmonic signal is dependent upon changes in
the nuclear part of the wavefunction x (R, t) hence, it is possible to exploit the chirp of
the re-colliding electron wavepacket to probe the nuclear motion during the electron
excursion time, 7. The entire HHG spectrum is determined by the square modulus of
the nuclear correlation function (NCF) which is defined as the overlap between the

initial and final parts of the molecular wavefunction as given by [127]:

c(t) = / X(R,0)x(R, t)dR (3.12)

In our laboratory, Baker et.al [128] have previously implemented this method by ob-
serving the ratio of harmonic spectra generated in the isotope pairs for example Hy
and Dy or CH4 and CDy4. Due to the similarity in electronic states between isotopes,
the variation in HHG spectra can only be attributed to differing nuclear dynamics

which is retrieved by taking the ratio between harmonic peak intensities.

The time-frequency mapping inherent to HHG can be used to gain an insight into
ultrafast nuclear dynamics instigated by the rearrangement of the protons post-
ionization of the molecule. In this sense we can think of HHG as a pump-probe
technique wherein ionization is the pump step and recollision followed by the emis-
sion of an XUV photon is the probe step. The chirped nature of the recolliding
wavepacket in the third step of the HHG process allows us to study these nuclear
dynamics with attosecond temporal resolution since the emission of successive har-
monic orders is typically separated by ~100 as. The strength of the harmonic signal
at different frequencies can help us probe the displacement of the nuclei in a molecule
at a range of time delays specified by the ionization-recollision times. For example,
the HHG signal gets weaker the more nuclei have moved in a system. Phasematching
can be exploited to filter out the contributions from long trajectories such that we
obtain a one to one mapping between the ionization-recombination time delays and
the emitted XUV photon energy.
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A previous technique that has also been used to measure ultrafast dynamics in
molecules using a pump probe scheme was developed by Niikura et.al [129] which
also used ionization as a pump step. In contrast to HHG, this method uses recollision
induced ionization as the probe signal as the duration of the electron-ion recollision
determines the duration of the attosecond photon pulse produced. HJ was used a
molecular clock for the pioneering experiments as its potential energy surface gra-
dient is steep such that the vibrational wavepacket is moving on this surface very
fast and since the states of this cation directly dissociate. The probe step for this
technique requires the laser wavelength to be tuned over a large range in order to
obtain the required pump-probe delays. The PACER technique is advantageous over
this method as the pump-probe steps are inherent to HHG in the molecule which is
less stringent on both data reproducibility as consequence of laser fluctuations from

tuning the drive wavelength.

PACER requires the comparison of HHG spectra, acquired under ideally identical
conditions, from deuterated and protonated species. The use of isotopes allows us to
measure dynamics which are a consequence of nuclear motion in a molecule as the
electronic structure of both species is very similar. It is also important that the pump
pulse has a duration shorter than the rotational period of the molecule to prevent
any significant alignment effects occurring which can result in two centre interference
manifesting. A schematic of the PACER technique and results from a comparison of

H, and D, is shown in Figure 3.8.
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Figure 3.8: Encoding of nuclear dynamics in HHG from exploiting the chirped nature of the
wavepacket (top). Electron recollision energy as a function of delay which is colour coded
to correspond to the picture in the top panel (bottom) [7]

158



In Figure 3.9 the results of the PACER technique applied to Hy and Dy at equal gas
density. The top panel shows the experimental results obtained using an 8 fs pump
pulse centred at 775 nm and focused to an intensity of 2.4 x 10'* W/cm?. Using the
775 nm drive wavelength yields a time window of 0.9 - 1.6 fs over which dynamics
can be tracked with a temporal resolution of ~ 100 as. An increase in the ratio of
harmonic signal is observed as the harmonic order increases. Since the ionization
potential of both molecules are very similar the effects of phasematching on the spec-

trum are negligible.

The bottom panel of Figure 3.9 shows the nuclear dynamics that have been retrieved
from the data using a genetic algorithm [127] [7]. The genetic algorithm retrieves
the internuclear separation versus time information for both species. The algorithm
generates the optimum Born-Oppenheimer potential by calculating the wavepacket
motion. The initial wavepackets for both molecules are taken to be identical to the
vibrational ground state wavefunction of both molecules. The algorithm calculates
the wavepacket motion to minimise the sum of squared deviations between the au-
tocorrelation ratio and the ratio of the harmonic signals. At the time of ionization
the equilibrium separation in hydrogen is 0.75 A (1.41 Bohrs). The molecule is then
promoted onto the HJ potential surface and on this surface the wavepacket begins to
move towards the HJ equilibrium separation of 1 A (1.89 Bohrs). This demonstrates
the sensitivity of PACER to changes in the bond length along the internuclear axis

in a simple diatomic system.
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The PACER technique has also been applied to CH4 and CD, also using the 8 fs probe
pulse. A similar effect to what was observed in the Dy /Hy comparison - the harmonic
signal is stronger in the deuterated isotope since the heavier nuclei are expected to

move more slowly. The results are shown in Figure 3.10.
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Figure 3.10: Ratio of the harmonic signals from both molecules. The control ratio is marked
in red (top). The geometrical structures of both methane and the cation (bottom) [7]

The methane molecule belongs to the tetrahedral T; point group and has bond angles
of 109.5°. the CHJ cation adopts a Cs, geometry with bond angles diminishing to <
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60° as illustrated in Figure 3.10. The rapid rise of the signal ratios (> 2 in a time of
1.2 fs after ionization) can be attributed to the ultrafast re-arrangements of protons
in the cation since the technique is sensitive to bond angle changes as well as along

the internuclear axis.

In terms of performing calculations to model to nuclear dynamics in methane, it is
complicated by the intrinsic property of the molecule being a triply degenerate Jahn-
Teller system which is characteristic of the T, point group. Patchkovskii [130] has
previously derived a simple analytical theory of short time autocorrelation functions

and has applied it to a range of small molecules as shown in Figure 3.11.
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Figure 3.11: Nuclear vibrational factors calculated for a range of polyatomic molecules [130]
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Nuclear vibrational factors were calculated and, as shown below, the fastest dynamics
occur in Hy, Dy and CH,, CD4. The autocorrelation contribution to the isotope effect
was also shown to be in good agreement to the data recorded from the PACER
experiments of Baker et.al [7] [131] as shown in Figure 3.12. It was observed that the
gradient and curvature of the potential energy surface was quite large in the methane
cation. This is a characteristic inherent to Jahn-Teller molecules and we thus expect

to see a similar trend from calculations done on the benzene molecule.
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Figure 3.12: Autocorrelation function calculations for the ratio of Dy to Ho compared with
experimental data from [7] (top). The same calculation performed for the ratio of CDy4 to
CH,4 which is plotted for laser field strengths between 0.04 a.u. and 0.08 a.u and an 800 nm
laser field. (corresponds to intensities in the range of ~ 6 x 103 — 2 x 10* W/cm?). Taken
from [130]
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One aim of this PhD project is to extend the PACER technique to larger molecules.
PACER has been applied to HoO and D20 [132] to illustrate the contribution of a
lower bound orbital to the isotope effect in water. Inherent to this goal is the re-
quirement of a longer drive wavelength source - carbon rich molecules naturally will
possess slower nuclear dynamics in comparison to those primarily containing hydro-
gen. The extension of the time window within which we can track the dynamics in

larger molecules can be increased from 1.6 fs at 800nm to ~5 fs at 1800 nm.

Another first for the application of the PACER technique will be to use it on a
molecule that does exhibit an ambiguity as to which molecular electron is ionized.
PACER will also be a method that will allow us to access a plethora of interesting

dynamics from Jahn-Teller molecules as described in section 3.2.

The aim of a PACER experiment in the benzene systems will be to elucidate the ori-
gin of the electron when the molecule is ionized. Benzene will be the first molecular
system trialled where the possibility of the origin of the electron could be from the

pi system or the sigma system. There are two schools of thought on this dilemma —

e [f the ionization occurs from the pi system then the C-C bond vibration period
of 35 fs [133] will be too slow to detect in the evolution of the Nuclear Auto-
correlation Function (NCF), equation 3.13, and thus the ratio will be 1 across
the 5 fs time window we have access to. The harmonics are approximately

proportional to the squared modulus of the NCF:

o(r) = / Yo(R, 0)X(R, 7) f(k, R)dR (3.13)

where (R, 0) and x (R, 7) are the initial and propagated vibrational wavepack-
ets in the molecular ion, R is the internuclear distance and 7 is the electron travel

time. The term f(k, R) takes into account two centre interference effects.
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o [f it is the sigma system that the ionization is instigated from then the C-H
bonds are expected to stretch by 10 pm [133] and from the work of Patchkovskii
[130] it is possible that this stretch could be detectable in the time window we

have available, thus a change in the ratio would support this theory.

An abundance of Time of Flight (TOF) data infers that benzene parent ions are the
abundant species post ionization [76] [77]. This would support the theory that the
ionization takes places from the pi system. If it were the sigma system it is expected
that the ring would possibly collapse upon scission of the C-H bond network and
fragments of benzene would be dominant. The other postulate is that upon ionization
one sixth of the positive charge is redistributed in the ring and concentrated on each
carbon atom. ZEKE data [134] and the TOF data seem to confirm that the ionization
occurs from the pi system but a PACER experiment would be a solid confirmation
as it is reliant upon HHG which gives a much increased time resolution of the post
ionization nuclear dynamics as opposed to the other two techniques which reach

nanosecond resolution at best from the data studied using ZEKE and other methods.

3.4 The origin and interpretation of minima in

molecular HHG spectra

To date, three classes of minima have been observed in molecular HHG spectra which

are attributed to either structural or dynamical effects.

3.4.1 Cooper minima in organic molecules

Cooper minima result from the destructive interferences originating from the nodal
structure of the ground state of the molecule. Cooper minima occur in photoion-
ization and are representative of the ground state nodal structure of the atom in
question. The photorecombination cross sections are what is measured during the
HHG process and can be interpreted as the inverse of the photoionization cross sec-
tions, thus a signature of the Cooper minimum in atoms and indeed molecules will

be present in HHG spectra. The absorption of photons by an atom/molecule induces
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it to emit a bound electron and thereby become ionized. The recombination of the

electron with the parent ion results in the emission of a photon, as in the HHG process.

Previous experiments on Cooper minima have been confined to PES data which have
resolved the Cooper minima in a range of atoms [135] [136]. The most iconic ex-
ample is that of the Cooper minimum in argon which is detected at 47 eV [137] .
HHG spectroscopy using an 800 nm field is sufficient to locate this minimum in HHG
spectra. However the Cooper minimum in krypton is believed to occur at 85 eV and
necessitates a longer drive wavelength laser to resolve it. Increasing the intensity
to extend the cut-off is not wise in this case as the influence of phase matching on
the Cooper minimum has been shown to be crucial in HHG experiments. Spectral
shifts and modulation depths in the Cooper minimum of argon have been shown to

be strongly dependent upon gas jet position and harmonic divergence [138].

The first HHG Spectroscopy experiments to reveal the Cooper minima in organic
molecules were published by Bhardwaj et.al in early 2013 [139]. The aim of these
experiments was to show that molecules containing S and Cl atoms exhibit Cooper
minima. The Cooper minima were monitored as a function of wavelength and drive
intensity to isolate it from other interference effects such as two centre interference
and multiple orbital interferences. It seems plausible to question why such experi-
ments could not be pioneered in a more simplistic molecule such as CO,. Atoms such
as oxygen do not actually contain a Cooper minimum as its 2p subshell is nodeless,
the same mantra applies to some of the Halogens and is a point to bear in mind when

selecting molecules to study.

Table 3.1 details the ionization potentials and the Cooper minima positions for the
three chloromethane molecules: CCly, CHyCly and trans—CyH,Cly taken with an
1800 nm field at an intensity of 9 x 103 W /cm? using a finite gas cell of length 10

mm and 0.6 mm diameter.
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Molecule Ionization Potential (eV) Cooper Minimum Position (eV)

cCly 11.47 404 £ 0.5
CH,Cl,y 11.31 421+ 04
trans — CoHoCly 9.64 43.2 £ 0.5

Table 3.1: Ionization potentials and Cooper Minima positions for the chloromethane
molecules [139]

The paper states that position of the minima in the spectra is independent of laser
intensity and gas pressure. The argument here implies that this independence of laser
parameters confirms that the minima do not arise as a consequence of dynamical in-
terferences which are strongly laser dependent. One may also assume that since the
samples are unaligned and the molecules are quite heavy that any structural interfer-

ences arising from multiorbital contributions can be assumed to be negligible.

These new results pave the way for identifying Cooper minima in benzene type
molecules, which has not been demonstrated via HHG. The halobenzenes shown to
possess Cooper minima are chloro and bromobenzene [140]. Flurobenzene will not
exhibit this as flourine itself has a nodeless 2p orbital [141]. Iodobenzene has, through
PES data, shown to be a red herring - whilst iodine itself theoretically should possess
a Cooper minimum, it does not due to interchannel coupling between the 5p and 4d
subshells [142]. Theoretical PES data for iodine has shown that atomic 5p Cooper
minimum should occur at an electron kinetic energy of ~ 80 ev. However, the thresh-

old for the iodine 4d subshell is at a binding energy of ~ 60 eV.

Once the probe photon energy exceeds 60 eV, the absorption can either result in the
ejection of an electron from the 4d subshell or the 5p subshell. This interchannel
coupling is so strong that the 5p Cooper minimum is not observed. We can thus infer
that the same applies for iodobenzene and indeed no evidence of a distinguishable
minimum has been seen in this molecule. The advantage of HHG in this circum-
stance is that we have the capacity to probe the molecule without encountering this
interchannel coupling as our probe photon energy can never reach 60 eV. The exten-
sion of our spectra beyond 80 eV implies that we can access the Cooper minimum

in iodobenzene, which would be the first ever experimental detection of this minimum.

167



Work done on the Cooper minimum in argon using a few cycle source ( 11 fs at
1800nm, achieved by hollow core fibre pulse compression) has identified a shortcom-
ing of using such a broadband harmonic spectrum [143]. Second order diffraction was
not an issue when the 800 nm source was employed as the spectrum falls off with
increasing XUV photon energy. For the few cycle near-infrared source the continuum
spectrum can be flat or even show a peak at higher energies which can appear in the
second order at lower energies of the spectrum. The authors remedied this problem
by replacing the Hitachi grating with a Shimadzu spherical grating which has a lower

second order diffraction amplitude.

Proposed experiments for this PhD would be to identify the Cooper minima in bro-
mobenzene and chlorobenzene. The advantage of our experimental set-up would be
to minimize the effects of phase matching on the position and depth of the minimum
by using a thin gas jet. The few cycle idler pulse at 1800 nm will also give us a
higher energy cut off such that minima in species ~ 80 eV can be resolved. I propose
we first of all locate the minimum in argon as this is a well studied example and to
optimize its visibility as a function of gas-jet position and phase matching conditions.
Since we will have an extended cut-off it may also be practical to demonstrate our
ability to access Cooper minima at higher photon energies as would be the case for
Krypton where it is shown to occur at =~ 85 eV. We are then in a position to acquire
spectra in the halobenzenes. We have the added advantage over Bhardwaj of using
the thin jet to minimize propagation effects which have been shown to influence the
shape and position of the minimum. It may also be feasible to acquire spectra from
iodobenzene to identify the interchannel coupling in HHG spectra as this has not

been demonstrated before; a similar effect is known to occur in the xenon atom [143].

3.4.2 Structural minima in HHG spectra

Structural minima do not shift in position with variation of the laser wavelength and
intensity and arise from destructive interferences between XUV emissions of a two-
centre type molecule [144] [145]. However, these minima are sensitive to the molecular

alignment angle with respect to the polarization of the driving laser field [53] [54].

It is well versed that HHG spectra from spatially aligned molecules can be analysed
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to unravel the structures and symmetries of molecular orbitals [146] [57] [147] [148]
[149] [56] [150] [55]. The de Broglie wavelength of the recolliding electron governs the
spatial resolution of the HHG spectra. Hence, a HHG spectrum extending past 50 eV
cut-off energy is required in order to observe structural features arising from systems
with internuclear distances in the 1 — 2A range [148] [147]. Using a commercial 800
nm Ti:Sapphire system demands laser intensities in excess of 3 x 10 W/cm? which
is above the saturation intensity of most molecules we wish to study. This commer-
cial system can be utilized for molecules with ionization potentials > 13 eV such as
Ny or CO,y. Torres et.al [148] have studied the extension of HHG spectroscopy to
longer wavelengths and have concluded that 1300 nm is a good compromise - there is
a factor of 2.6 increase in the maximum photon energy obtained of the HHG spectra

in comparison to the 800 nm field.

The advantage of this scheme in pushing the boundaries of HHG spectroscopy to pre-
viously unattainable territory can be appreciated by looking at the case of acetylene
(CyHz) which has m, HOMO symmetry and an ionization potential of 11.4 eV. When
using the 800 nm field at the saturation intensity the cut-off only reaches ~ 46 eV
which falls short of the region wherein interference effects take place. On the other
hand, using the 1300 nm field at a lower laser intensity of ~ 10! W/cm? extends the
cut-off up to 60 eV.

In the experiments previously performed [147] [148] the delay between the driving and
aligning pulses is set to correspond to the half revival (7.1 ps for acetylene) when the
sample is maximally aligned. The harmonic intensity is then measured as a function
of the angle between the aligning and driving fields, ©. The most probable orienta-
tion of the molecules with respect to the driving field, # can then be estimated. For
this experiment, ©® = 0 corresponded to a probable orientation angle of § = 30°. At

© = 0 a minimum in the HHG spectrum was observed for acetylene.

Interpretation of this result can be envisaged as follows: the HOMO is expected to
have a characteristic two centre structure wherein the contributions to the recombi-
nation amplitude from each centre can interfere constructively or destructively if the
recolliding electrons have a momentum p = ﬁ where Az.p satisfies the interference

condition:
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g)\deB = Rcos(0) (3.14)

n is an integer, R is the internuclear distance, (1.2A for acetylene between the carbon
atoms) and 6 is the angle between the internuclear axis and the laser polarization
vector. Since the HOMO of CyHs is 7, which is a symmetric orbital then n = 1 is
where the first destructive interference will occur since the two centres are separated

by %)\de p in the direction of the driving field polarization [150].

3.4.3 Dynamical minima in HHG spectra

Dynamical minima are present when several molecular orbitals contribute to HHG.
If a laser is of sufficient intensity to ionize two valence orbitals in a molecule, the
amplitudes from these channels will interfere with a relative phase going through
multiple points of constructive and destructive interference. The energy gap between
the two participating ionic states, AF, is the primary determining factor for knowing

the time dependent relative phase between the two channels which is given by:

o~ [AE/h|t (3.15)

where t is the excursion time of the electron in the continuum during the propaga-
tion step of HHG [56]. Dynamical interference is expected to be destructive when
the relative phase is an odd multiple of 7 which manifests itself as a minimum in
the molecules HHG spectrum. Variation of the drive wavelength, intensity and the
molecular alignment angle with respect to the polarization of the driving laser field
can all shift the position of the dynamical minimum arising from the ionization of
multiple orbitals [59] [55].

As an example of this, the results obtained by McFarland et.al [57] [146] for the

observation of contributions from the HOMO and HOMO-1 in HHG from nitrogen

as shown in Figure 3.13.
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Figure 3.13: The shape of the HOMO and HOMO-1 orbitals in Ny with respect to the
internuclear axis. The recolliding electron is illustrated as a de Broglie wave (top). Results
of a simulation of the modulation of the harmonic spectral envelope for different harmonic
generation intensities. The solid black lines represent the contribution of the HOMO whilst
the red dashed lines are that from the HOMO-1. Taken from [146]
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The top panel shows the differing orbital symmetries of the HOMO and HOMO-1
in nitrogen. The HOMO which has o, symmetry ionizes more readily when the po-
larization of the generating laser field is aligned parallel to the internuclear axis. A
clear contribution from the m, HOMO-1 is evident in the experimental data and the
calculations performed. The bottom panel presents the simulation of the spectral
envelope for different generation field intensities. As the intensity is increased and
the alignment angle changed the contribution from the HOMO-1 becomes increas-
ingly evident. Tunnel ionization for the HOMO-1 is stronger than that of the HOMO
when the polarization of the generating laser is aligned perpendicular to the molec-
ular axis since it has a larger spatial extent along this direction. As is clear in the
bottom panel of Figure 3.13, the spectra at different intensities are modulated by
constructive and destructive interferences during recombination. The HOMO is the
dominant contributor to the lower order harmonic whereas the HOMO-1 dominated

the cut-off portion of the spectrum.

However, I must emphasise that the attribution of a minimum in a molecular HHG
spectrum to a structural or dynamical effect is quite difficult. A famous example
is the minimum observed in COs which was initially thought to be a structural ef-
fect [53] [54]. Work by Smirnova et.al [59] contradicted this result as the observed
minimum in their work changed spectral position as the drive laser intensity was
adjusted. The variation in the harmonic spectral phase as a function of recollision
angle was employed to elucidate which channel in CO5 was the primary contributing
orbital. Further work [55] [56] concluded that this minimum originates as an inter-
play between both structural and dynamical effects; this has also been observed in
H, [128]. This scenario prompted developments of techniques to measure the har-
monic spectral phase, such as Reconstruction of Attosecond Beating by Interference
of Two-photon Transitions (RABBIT), which can be used to extract information on
multi-orbital contributions in molecules [60]. Experiments performed independently
by both Wong et.al [151] and Farrell et.al [152] in HyO also report a contribution
from the HOMO-1 to the harmonic spectral intensity. The energy gap between the
HOMO and HOMO-1 in H;0 is = 0.5 €V.

In a similar vein, the energy gaps between the HOMO and HOMO-1 (and indeed more
tightly bound orbitals) in the substituted benzenes are quite small (see Appendix A
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for ionization potentials in these molecules). For example, the energy gap between the
HOMO and HOMO-1 in fluorobenzene is ~ 0.6 ¢V, we would expect that a modulation
of the harmonic spectral amplitudes in the substituted benzenes could be attributed
to the influence of a lower lying orbital. We anticipate that the observation of a
modulation in the harmonic intensities in the halogenated benzenes will prompt the
implementation of more in depth experimental techniques to identify the phenomenon
contributing to the suppression and indeed theoretical calculations to be performed

on these molecular systems.
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Chapter 4

Experimental methods and

apparatus design and

implementation

From an experimental perspective the following are fundamental requirements for

HHG in organic molecules:

Target dimension: As discussed in section 1.6 with regards to phasematching it
was noted that keeping the target dimension short (< 1 mm) is important for

minimising propagation effects and reabsorption of harmonics.

Density: A high density of molecules in the interaction region is necessary in
order to have enough emitters (> 10'7 molecules/cm?) [86] coherently contribut-
ing to the HHG signal. The HHG signal is inversely quadratic with the density
of the gas.

Stability: A stable target is of absolute necessity. Any significant instabili-
ties in the delivery of the gas/vapour/solid to the interaction region result in

misleading, non-physical and unreproducible results being acquired.

Vacuum base pressure: The chamber where the target is delivered to must be
kept under a vacuum of base pressure ~ 107% mbar for a number of reasons.
Firstly, the generated XUV photons may be reabsorbed by the air thus inhibit-
ing detection of the HHG. Secondly, the detector, a microchannel plate (MCP)

requires 1 — 4 kV to be applied across it; the detector must be operated under
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vacuum to prevent arcing and damage to the detector. Thirdly, the vast major-
ity of molecules of interest are carcinogenic, flammable and dangerous to ones

health so they must be contained in a vacuum chamber.

e Target rotational temperature: Keeping the sample cool (a few tens of Kelvin)
aids with performing impulsive alignment on the sample. This is because the
hotter the molecules are, the greater the number of incoherent rotational states

that are initially thermally populated.

The apparatus for High order Harmonic Generation (HHG) in our laboratory was
primarily designed for working with inert gases. This chapter will begin by describing
the function of each component of the existing arrangement and its integration into
the apparatus. Upgrading and modifying this system to handle organic molecules
required careful design with respect to every component. This chapter will proceed
by detailing the modifications that have been made to the existing system and the
advantages these upgrades bring in comparison to what has been previously presented

in the literature.

4.1 Outline of existing HHG apparatus at the start
of the project

Figure 4.1 illustrates the key components of the experimental apparatus in its original
state used for the generation and detection of high harmonics. Prior to the exper-
iments planned with the vapour phase organic molecules this system was designed
to be used with gaseous, usually inert, and solid targets. The solid targets such as
the DNA and RNA complementary bases, uracil and thymine, were vapourized using
laser ablation. Organic molecules such as butane and butadiene [113], benzene, cy-
clohexane, napthalene and cyclopropane [85] [153] have been used previously in our
laboratory but the requirements as detailed in the chapter introduction were not met
adequately. The objective was to introduce a locally high density of gas, in some

cases with a significant degree of rotational cooling, to the interaction region.
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Figure 4.1: The original HHG chamber at Imperial College London

The vacuum system is separated into two chambers — the generation chamber and
the spectrometer/detection chamber. A small tube with a 2 mm diameter hole di-
vides the system in two by creating a pressure differential whereby the spectrometer
chamber is kept at a pressure below 107° mbar which is necessary for safe operation
of the detector which will be elaborated upon later in section 4.1 of this chapter. Two
turbo pumps are used to evacuate the generation chamber, each of which is backed
by a dry scroll pump and one turbo is used to keep the detection chamber at the

required pressure.

The laser beam enters the chamber through a fused silica or calcium fluoride window
depending on the wavelength of the beam being used. The windows are typically 1
mm in thickness to minimise distortions to the beam profile. An iris is located before
the entrance window to the chamber and is used in conjunction with a second iris
downstream to align the beam into the chamber. A CCD camera (Bosch LTC 0355)
is mounted on a flange with a view-port perpendicular to the propagation path of the
laser over the nozzle. This camera is interfaced to a CRT screen to image the gas—jet

to ensure the laser is not ablating the nozzle and to give an indication of the shape
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of the plasma plume at the interaction region. As the ionization potentials of the
typical gases used for High Harmonic Generation (HHG) are in the 12 — 22 eV range
it is necessary to use beam intensities of the order of 10 — 10> W/cm?. To reach
these intensities the beam must be focused into the gaseous target. To achieve these
values, the beam is focused using, typically, a spherical mirror in normal incidence
as shown in Figure 4.1. Choice of focal length is dictated by either requiring a high
number of emitters in the interaction volume, as would be desired in a molecular
alignment experiment (loose focusing), or wanting to boost the maximum intensity,
which is usually necessary when a target with a high ionization potential value is used
(tight focusing). The focal spot is characterised by inserting a flip up mirror before
the entrance to the chamber and constructing an identical beam path, including the
entrance window to the chamber, to that inside the chamber and imaging the focus
on a CCD camera. This diagnostic is useful for characterising the profile of the focus,
getting a measure of the focal spot size for estimating the intensity at the interaction
region and checking how certain optical elements introduce distortions to the beam

profile.

The introduction of the target gas to the chamber can be done by a variety of meth-
ods, although this chamber has only ever operated with a solenoid valve or with a
continuous flow gas jet. Solenoid, or pulsed gas jets are advantageous for experiments
where a high gas density in the interaction region is desired because the jet can be
configured to expel gas into the chamber only when a laser pulse is present below the
gas jet. This configuration reduces the background pressure in the chamber thus en-
abling a higher backing pressure to be used without the compromising the conditions
for keeping the detection system operating safely. These valves have typical opening
times of 300 us. The valves previously used in our laboratory operated at 10 Hz (as
did the laser). High power laser systems for HHG that are now commercially available
operate usually at 1 kHz which provides better statistics on data. Using a 10 Hz valve
would be wasteful of laser shots in this case. Piezo—pulsed valves (i.e. Evan Lavie
valve, which will be discussed more in section 4.2) or continuous flow valves are ideal
for operation at 1 kHz, particularly in circumstances where a high degree of rotational
cooling is needed. The continuous flow gas jet is much more commonly used due to
its ease of implementation and operation. This jet is simply a blank stainless steel

plug which has a 100 gm or 200 um hole drilled in it. The pumping system installed
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on the generation chamber and the differential pumping gradient permits gas to be
continually expelled into the vacuum chamber whilst not compromising the vacuum
of the detection chamber.

Figure 4.2 below illustrates a cross section of this home-made gas jet.

Cross section of home-made continuous flow gas jet

1mm hole

100 um (or 200 pum)
hole,
50 um long

4mm hole

Photograph of
Swagelok nut

Figure 4.2: Schematic of the continuous flow gas jet used in the HHG chamber

The gas jet is mounted on a three axis manipulator as shown in Figure 4.1. The
manipulator moves the gas jet in three directions; along the propagation axis (z) of

the beam, vertically (y), and horizontally (x).

HHG detection

The harmonics propagate through the differential pumping tube into the spectrometer
which consists of a grating and a microchannel plate (MCP) detector and phosphor
screen which is coupled to a CCD optical camera. The spectrometer chamber is con-
structed from aluminium and is anodized and painted black to reduce light scattering.
The harmonic beam passes to the spectrometer through a 100 pm aperture and is
dispersed by a grating. The harmonic beam is typically tens of microns in diameter
and has a typical divergence of ~ 3 mrad. The distance from the focus to the flat

field grating in our apparatus is ~ 30 cm. There are two main designs of grating that
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can be used — concave and flat field gratings, both of which can be designed to have
uniform or varied line spacings. The first grazing incidence spectrometer design in
our lab in the late 90’s utilized a concave grating in which the dispersion and focusing
of the spectral images are combined. A concave grating with uniform line spacing is
not practical, as the optical layout needs to be in correspondence with the Rowland
circle as shown in Figure 4.3 below. If the entrance slit is located at any position
on a circle that has a diameter equal to the radius of curvature of the grating and
contacts the centre of the grating, then the dispersed harmonics will be focused at
other points on the same circle. The minimum and maximum diffracted wavelengths
are \; and A, respectively [154]. The setbacks of this arrangement include the large
amount of astigmatism inherent to this set-up and the difficulties in positioning the
detector [155]. This arrangement is acceptable in a scanning spectrometer with an
exit slit but will not suffice for the experiments presented in this thesis as an MCP,
which is a plane detector array, is used for the HHG detection with necessitates that

we use a flat field geometry for the spectrometer.

Rowlang Entrance slit

Grating

A2

Spectrum

Figure 4.3: Ilustration of the Rowland circle concept showing the diffracted wavelengths
focused at different points on the circle. Adapted from [154]
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Using a grating that focuses the dispersed harmonics onto a plane that is almost nor-
mal to the incident harmonics is clearly more advantageous for the mounting of the
detector. The grating used in our spectrometer is a gold-coated grating that is curved
in one dimension and has an average varied groove spacing of 1200 lines/mm [156].
This grating design is curved in one dimension with a line spacing variation such that
is spectrally focuses the radiation 30 cm away. It is also flat in the other dimension to
preserve the spatial information. This gives a spectrally resolved image that contains
all the radial information of the intensity distribution of the harmonic beam. The
harmonics on the detector are imaged on to a CCD camera by a compound lens. A
schematic of the diffraction grating is shown in Figure 4.4. The harmonic beam hits

the grating at an angle, a, of 3 degrees.

Grating
normal
22 H
87° p2
D\\[ Detector
Entrance -
slit
Blaze
direction

Figure 4.4: Alignment of the flat field XUV grating for HHG. Adapted from [157]

The harmonic beam which has been dispersed by the grating is then imaged onto
a microchannel plate (MCP) detector. The assembly consists of two microchannel
plates and a phosphor screen. An MCP is a lead glass array of 107 pores for a 40 mm
diameter detector. Each channel is 10 gm in diameter and the length of a channel
corresponds to the plate thickness [158]. Each of these channels acts as an electron
multiplier. When an incident x-ray photon enters a channel it frees an electron from
the channel wall via photoelectric emission. A potential difference of -1500V is applied

across the length of the channel to accelerate the liberated electron which strikes the
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adjacent wall of the capillary freeing more electrons. These electrons are accelerated
along the channel until they strike the far surface giving rise to more electrons. A
second plate is placed after the initial one to further amplify the electron current
and subsequently resulting in a gain of the order of 10® electrons/photon. Figure 4.5

illustrates the avalanche amplification in a single channel of an MCP.

MCP channel
Incident @ =10um
x-ray photon

Accelerating
voltage
-1500V

Secondary electrons

Figure 4.5: Avalanche amplification caused by secondary electrons in a microchannel plate
pore

The channel bias angle is usually 8° from the normal to the plate surface, the purpose
of this is to prevent incident particles from entering the channels and potentially get-
ting lodged in there. Since the capillaries confine the propagating charge pulse inside
them, the spatial pattern of the electron pulses at the rear of the plates preserves

the spatial pattern of the incident x-rays. The resultant electrons are accelerated
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towards a phosphor screen. A phosphorescent material is coated onto a glass plate

and converts the incident electron avalanche into a visible image.

A P47 coating is commonly used - it has an 80 ns decay lifetime and its peak emission
wavelength is 430 nm which results in a purplish blue emission. The phosphor screen
is further coated with aluminium which acts to increase the efficiency of the signal
generated. This increase can be as much as 100%, as light created at the phosphor
is reflected back at the aluminium layer. It is necessary to apply a voltage of the
order of 3 kV to the screen to enable the electrons to penetrate the aluminium layer.
Indium Tin Oxide (ITO) is another common coating which also reduces the build up

of charge from electrons and ions.

As has been stated earlier, it is necessary to keep the spectrometer chamber which
houses the MCP assembly under vacuum. If the voltage is applied while the detector
is at atmospheric pressure, ion feedback and electrical breakdown can occur which
can cause both long term damage to the detector itself and potentially damage the
optics also in the spectrometer chamber. Arcing tends to damage vacuum seals and
other materials which can be melted, burnt or vaporized as a consequence of the large
amount of heat that is released by a discharge. Materials that can be vaporized by
discharges can be deposited on optical surfaces which in our case would be the flat
field grating which is an expensive optic. The absorption of water can also cause the
MCP to bow out of shape which can dramatically impede its efficiency and shorten its
operating life significantly [159]. A compound lens (Schneider Fast C—Mount Lens,
17 mm FL, £/0.95) is used to image the harmonics from the MCP to the CCD camera.
This lens is designed to provide excellent image quality under low light conditions in
the visible region of the spectrum (400 — 700 nm) and this is ideal as the P47 coating
on the MCP emits at ~ 430 nm. A PCO Pixelfly 14 bit CCD camera is used to image
the screen of the MCP in conjunction with the compound lens to enable recording of

the HHG signal on a computer for data acquisition.

4.2 Vapour generation from organic molecules

The convenience of working with the gas phase targets was that their delivery to

the vacuum chamber is as easy as adjusting a regulator on the associated gas bottle
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for a stable flow of gas. Acetylene, benzene, iodine and carbon disulfide have been
previously used in our laboratory and are reputed for being very corrosive. This is
something to be very aware of when it comes to constructing a vapour delivery and
vacuum system for working with these molecules. The organic molecules studied in
this thesis are in the liquid phase at room temperature, are flammable and have the
added complication of being genotoxic carcinogens. A genotoxic carcinogen can cause
irreversible damage or mutations to an organism by binding to its DNA. This section
will detail the design, construction and implementation of the apparatus to generate

a stable vapour from numerous benzene substituted targets.

Previous experiments which have focused on studying organic molecules which are
in liquid phase at room temperature have generated their vapour by two methods.
The most common method is to just use the vapour pressure at room temperature
and either inside a gas cell or through a pulsed gas valve to send the vapour to the
interaction region [160] [151] [139] [161]. The other method, which so far has only
been implemented at Imperial College London, is to heat the sample to generate the
vapour [85] [79] [153].

4.2.1 Evaporation of liquid phase organics at room temper-

ature

Three different high-order harmonic sources have been used in gaseous/vapour molec-
ular HHG experiments to date — pulsed gas valves, continuous flow gas valves, semi-
infinite gas cells (SIGC) and finite gas cells (FGC) [85] [139] [151] [162] [161] [115] [150]
[56]. Each of these sources has its advantages and drawbacks, which will be briefly
addressed here. Further elaboration of the high harmonic efficiency requirements are
discussed in section 2.1. Bhardwaj et.al have compared these three sources using
argon as a generating medium [163]. This study showed that using longer medium
lengths and increasing the atomic density does not directly result in larger conversion
efficiencies. Although the efficiency does have a quadratic dependence on the medium
length and the atomic density, it is also dependent upon the negative exponential of
their product which can be seen in the expression for the number of photons emitted
on axis as detailed in [164]. This directly implies that the absorption of harmonics,

and indeed the phase—matching, begins to become critical.

183



Whilst pulsed gas valves are commonly used, a physical limit is imposed upon how
much backing pressure can be put behind them to avoid overpressuring the interac-
tion chamber. This problem has been mitigated by the use of an Even—Lavie pulsed
gas valve [165]. This design of valve has an opening time of 30 us which facilitates
efficient expansion conditions to provide a degree of rotational cooling. There are
several designs of the valve which all share the following properties: can handle back-
ing pressures up to 100 bar, operate at repetition rates up to 600 Hz and can achieve
rotational cooling to < 1K. Rotational cooling of 0.4 K has been achieved in aniline
using this jet with no buffer gas [165]. If a very low vapour pressure is being delivered
to the interaction region, a carrier gas of high ionization potential such as Helium can
be used - this is particularly useful in molecular alignment experiments - where the

atoms aid the rotational cooling by collisions with the target molecules.

Since most models operate at 10 Hz, they are also quite wasteful of laser shots since
most commercial CPA laser systems used in these experiments operate at 1 kHz.
One advantage they possess is an interaction length which is considerably shorter
than that of a gas cell. Keeping the medium length shorter than the absorption
length circumvents the absorption of the generated harmonics [164]. It is important
to note that optimising the efficiency of the HHG process is not the principal aim of
this work; efficiency in a continuous jet compared to a gas cell can be compensated
by the laser power, better detection and using a higher repetition rate laser system.
The key focus of this discussion on choice of target delivery is to ensure that the
measured HHG spectrum from the organic molecules is as close as possible to the

single molecule response.

Semi-infinite gas cells (SIGC) and finite gas cells (FGC) are used extensively in HHG
experiments. A schematic of these cells is shown in Figure 4.6.

A finite gas cell commonly consists of a small inner cell which is encased in a larger
outer cell. A teflon tube at the top of the cell delivers the gas to the inner cell - to
the interaction region perpendicular to the laser beam propagation direction. The
outer cell is typically pumped by a roughing pump ( 500 1/s) which is not shown in
Figure 4.6. There are four inline pinholes in the beam path, two on each wall of the

inner and outer cells. The cell is mounted on an XYZ manipulator to align it with
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Figure 4.6: Schematic of the most common types of gas cells used in HHG experiments: (a)
finite gas cell, (b) and (c) semi-infinite gas cells

the laser axis [163].

There are two common designs of semi-infinite gas cells as shown in Figure 4.6. In
the cell labelled as (1) the incident beam passes through a window wherein the gas
is injected through a teflon tube perpendicular to the beam path and is focused on
a foil (Al or Mo) at the other end of the cell. The focused beam effectively drills a
hole in the foil allowing the harmonics generated in the cell to be propagated on to
the detection chamber [166]. In the design labelled as (2) there is an inner and an
outer cell as in the case of the FGC. The gas is injected into the inner cell through
a teflon tube, the end of which is fitted with a diamond pinhole. A diamond pin-
hole is used here as opposed to a standard metallic one as the focus of the laser can
ablate the metal pinhole which can damage it. The outer cell is pumped by a rough-

ing pump similar to the FGC and terminates in a pinhole to the source chamber [163].

Work currently being carried out in our laboratory by PhD student Allan Johnson is

using a 3 mm finite gas cell to focus on maximising the HHG cut—off and getting high
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efficiency. The purpose of this work is to extend to cut—off to reach the water window
(4.37 nm) in helium. To reach these high energies, high gas pressures are required to
achieve phasematching. A continuous flow gas jet is unable to provide the required
backing pressures (&~ 1.5 bar of helium) as these elevated backing pressures put an
increased load on the backing pumps and will inevitably violate the base pressure

level required to safely operate the MCP detector.

The design of the gas cells enables them to handle quite high backing pressures (can
be 10’s of bars in some designs) compared to gas jets (5 bar maximum for 100 pm
nozzle in our laboratory). Cells essentially permit using higher atomic densities due
to the increased number of emitters in the interaction region [167]. Longer medium
lengths are also inherent to cells - typical medium lengths can be anything from a
few millimetres to a few centimetres and more. As gas jets commonly have medium
lengths much shorter than the absorption lengths, the absorption of generated har-
monics by the medium can be negligible. It is also noteworthy that, in a gas cell, the
incident laser pulse can undergo self-focusing and other non-linear distortions arising
from the presence of free electrons in the medium. Over a long medium length these
distortions can play a strong role in phase—matching which is another reason to opt

for keeping the medium length as short as feasibly possible [168] [169].

Using data from the CRXO database for benzene at 100 K temperature, 20 torr
backing pressure and two medium lengths of 500 ym and 1 mm we can see how the
transmission of the XUV photons is affected by the medium length as shown in Figure
4.7. From this plot, it is evident that the transmission is a factor of two higher for
the shorter medium length at 50 eV.

An Even—Lavie valve presents a number of advantages for our proposed work but
was not chosen for a number of reasons. These valves are not a widely commercially
available product and are also expensive. The heated version of the valve [170] can
only operate up to 130° C which puts a strict limit on the molecules that can be used
as any molecule with higher temperature requirements to prevent condensation can-
not be used. It is also important to note that in a similar fashion to the jet designed
by Hay in our laboratory, the sample cartridge is mounted on the same flange as the
valve which implies that samples must be manually changed which requires stopping

the experiment and spending several tens of minutes preparing and mounting a new
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Figure 4.7: Plots of XUV transmission in benzene for 500 pm and 1 mm medium lengths.
Data taken from CRXO website.

sample. Since the sample is heated at elevated temperatures, it is also important to
note that the sample reservoir will need to cool down before another is inserted to
prevent injury to the user. This adds on more time which impedes the ability for
comparison experiments to be performed accurately and quickly between molecules.
The re—heating of the sample reservoir when it has been swapped will also alter the
thermal equilibrium of the mounting components which can affect the stability of the
system. Another limitation of these valves is the moving parts inside the valve to
control the opening and closing of the jet. The impact of corrosive molecules on the
internal components of this valve have not been published or commented upon [170].
The use of corrosive molecules and elevated temperatures are not very valve friendly

requirements for an experiment.
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A continuous flow gas jet (200 um orifice) is the best choice of source for the intended
HHG experiments in this thesis. This has been chosen as it presents numerous ad-
vantages over the other previously used vapour sources. Evidently, this design is
inexpensive in comparison to the other delivery methods available and can even be
manufactured in—house. As opposed to a pulsed valve operating at 10 Hz, using
a continuous flow jet allows each incident laser pulse to seed the medium and cir-
cumvents the need for having an apparatus to synchronise the laser shots with the
opening time of the valve poppet. Using such a thin gas jet will also minimise the
propagation effects which can complicate the phase—matching of the generated har-
monics. A continuous flow jet can also be used in molecular alignment experiments
provided that the jet construction fulfils the conditions for obtaining a supersonic

expansion [120].
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Figure 4.8: Simulation of a Gaussian pulse at 1735 nm with a 90 gm beam waist which prop-
agates through a SIGC with 400 um apertures, 1 cm long and a 200 ym orifice continuous
flow gas jet

Whilst gas cells are a popular and functioning choice of source for some molecular
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HHG experiments, they can be difficult to heat due to their shapes. Thus, in order to
have the capability to work with an extensive range of molecules it is necessary to be
able to heat the sample to generate sufficient vapour pressure to perform experiments,
especially in the cases where some interesting molecules have extremely low vapour
pressures at room temperature. The following sections will present the progress made

towards the design and development of a heated gas jet source at Imperial College.

Figure 4.8 is a simulation of a Gaussian pulse traversing a SIGC and a gas jet. The
purpose of this calculation is to illustrate the effects of the intensity gradients of the
pulse over the medium length. The dimensions of the SIGC are 400 pum apertures
and a length of 1 cm. The gas jet has a propagation length of 500 gm which has been
calculated from assuming the laser focus is 2 nozzle diameters (200 pum) above the jet
opening and that the angle of the supersonic expansion cone is 30°. This simulation
takes the drive wavelength to be 1735 nm, as in the experiments performed in this
thesis. We also assume a beam waist of 90 ym which is similar to that at the output
of the hollow core fibre which is used to broaden the spectrum for further pulse
compression. This will be elaborated upon in the laser technology chapter. The

Rayleigh range is calculated from expression 4.1 below to be 14.66 mm:

Zp = —— (4.1)

This plot assumes that the density of the medium is identical for both the cell and
the gas jet. This illustrates that the phase—matching is simpler to understand and
will have less of an effect upon the spectrum in the jet than in the cell. In the paper
by Gaarde et al in 2006 [168] their calculations on how the ultrashort pulse and the
non-linear medium interact illustrate how the intensity profile of a 7 fs pulse with a
peak intensity of 9 x 10" W/cm? is altered by propagating through a 3 mm neon
medium. Figure 4.9 below shows the spatiotemporal intensity profile of the incident
beam at the beginning and the end of the neon medium in which the XUV radiation
is generated.

Since the ionization driven reshaping of the pulse profile occurs in the first half of

the medium where the intensity is still high, the harmonics are generated by the
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Figure 4.9: Intensity profile in space and time of a laser pulse at the (a) beginning and (b)
end of a 3 mm long neon gas cell. The initial peak intensity of the 7 fs, 750 nm laser pulse
is 9 x 10'* W/cm?. The CEP is Z [168]

distorted pulse in the latter half of the medium. Free electrons will give rise to
spatial and temporal variations in the refractive index of the medium which leads to

self phase modulation and defocusing.
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4.2.2 Earlier heated gas jet for vapour phase molecular HHG

The first heated gas jet system designed specifically for HHG in organic molecules
was developed and implemented at Imperial College London in 2000. This apparatus
consists of a commercial pulsed solenoid gas valve (General Valve Corporation - Series
9) which was incorporated into a heating system aimed at producing jets of organic

molecules [153]. A schematic of this jet is shown in Figure 4.10.

capacitance manometer manual valve

heating element — 9 .
gas (optional)

cartridge heater = 4 thermocouple

sample ___— copper body

stainless steel sheath brass mount

vacuum seal \\—____ pulsed valve

gas jet

Figure 4.10: Temperature controlled pulsed valve that was first used at Imperial College for
molecular HHG experiments on samples that are in the liquid phase at room temperature
[153]

The commercial valve is encased in a cylindrical copper jacket that is mounted on
top of the vacuum chamber. A stainless steel crucible is at the heart of the apparatus
and can house ~ 5 mL of liquid phase sample. The crucible is held in a stainless steel
sheath which is in contact with the outer copper jacket. There are four holes bored
in the copper jacket each of which accommodates a 150 W cartridge heater. The
temperature of the copper jacket is monitored by a K-type thermocouple, the tip of
which is located close to the jet orifice. A feedthrough for gas is located on a T-piece
at the top of the jet assembly for the purposes of flushing or purging the system. The

sample vapour pressure is monitored by a capacitance manometer located on the top
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branch of the T-piece. A Thermocoax heating element heats this section of the valve
assembly and is kept at a higher temperature relative to that of the copper jacket to
ensure no condensation occurs inside the capacitance manometer. The copper jacket
can be heated to 200 °C. Since the manometer is only rated to operate at a maxi-
mum temperature of 150 °C, it must be removed for situations where the assembly

temperature exceeds this value.

Whilst this valve worked very well for the system it was installed on [85] [171] [79] it
does have some limitations in its design which render it unsuitable to be revived for
the experiments planned in this thesis. As stated previously, the pulsed valve oper-
ates at 10 Hz whereas the current laser system is at 1 kHz which is wasteful of laser
shots. Looking at the wavelength scaling relationship again, n oc A= it is evident, for
example, that moving from 800 nm to 1600 nm results in a factor of 1/64 less signal.
This implies that we need a high repetition rate laser to compensate for this when
we move to longer drive wavelengths. The laser system in our laboratory operates at
1 kHz, so a 1 kHz jet is a necessary upgrade but, as outlined with the Even—Lavie

valve, the operating temperature tolerance of these 1 kHz jets is unknown.

A second limitation is the sample delivery. Since this design can only house 5 mL
of any liquid sample at any one time it is impractical for experiments where a com-
parison between various samples is sought. The chamber would need to be let up to
atmosphere in order to remove the crucible and to insert another one with a different

sample making comparison experiments time consuming and difficult.

Since the experiments intended for this thesis involve using a wider range of molecules
and where comparisons between samples is sought, a new gas delivery system is nec-
essary. The rest of this chapter will present the developments which have been made
towards an apparatus which will allow us to quickly switch between samples, non-
invasive of the experiment. It is important that the apparatus is designed around
using a continuous flow gas jet to keep the propagation length as short as possible to

minimise phase—matching effects.
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4.2.3 Design and development of an apparatus for multi-

source HHG in vapours

The vapour generation procedure requires three different heating components: the ini-
tial vapour generation stage, the heating of the delivery lines to the vacuum chamber
and the heating of the piping and gas jet internal of the vacuum chamber. Commer-
cial heaters were used for both the vapour generation stage and the heating of the

delivery lines external of the chamber.

Figure 4.11 illustrates the first apparatus designed for performing HHG in a benzene
vapour. A commercial 7 L capacity waterbath (WNE 7, Memmert) was used to
heat the stainless steel vessels containing the benzene liquid. The vessels containing
the samples can be removed from the delivery lines via the quick connects allowing
the samples to be switched efficiently without interfering with the vacuum chamber.
Silicone rubber tape is used to heat the piping leading to the vacuum chamber to
prevent the vapour from condensing. This design also incorporated a backing gas
line. The intention of this was to use a higher ionization potential gas such as Helium
(I, = 24 eV) as a carrier gas. The carrier gas also assists in achieving greater rotational
cooling of the benzene molecules for molecular alignment experiments. A gas bottle
line was also included adjacent to the quick connect assembly for the cases where a

comparison atom or molecules would be needed.

Evacuation 3
line Thermocoax
2) Pressure XY,z _~ heater

auge
Backing gas 1 gaug Manipulator_ -
line [m———iii

3 /
. L =
/@ 4] Gas bottle ﬁf
line — — &g Laser enters
chamber
Quick connect, 3 N
assembly FY
Turbo
Silicone umps -
heating tape pump
yd T Benzene vessel
///
o

Waterbath

Figure 4.11: Layout of the mark I apparatus designed to perform molecular HHG experi-
ments from a liquid phase target
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A commercial heater (Thermocoax Ltd.) was used to heat the tubing and gas jet
which are under vacuum. A schematic of the heater and how it was used to heat
the tubing and gas jet under vacuum is shown in Figure 4.12. This tubular heating
element consists of a nichrome (NiCr) core which is electrically insulated from an
Inconel 600 alloy sheath by fused magnesium oxide (MgQO) powder. This heater was
selected as it was very easy to mould around the stainless steel piping and the gas
jet. Inconel 600 is also corrosion resistant rendering it suitable to be exposed to the
organic molecules.
Nickel/Chromium

80/20 core

MgO insulant Inconel alloy
sheath

| [1mm

1
N 100cm >

Thermocoax heater

Continuous flow
gas jet

Figure 4.12: Layout of the Thermocoax heater used to heat the gas jet (left) and how it
was fitted around the jet assembly (right)
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Although this apparatus was sufficient to demonstrate the generation of harmon-
ics from benzene using a continuous flow nozzle and the mid-IR radiation from the

TOPAS, it did suffer from a number of complications as listed below:

e The coaxial cable used to resistively heat the tubing and the gas jet proved to
be an unreliable and inefficient heater. The heater itself could only provide =~
40% coverage of the tubing due to its thin diameter and limited length of the
hot ends. Since stainless steel is such a poor conductor of heat this lead to

instabilities in the generation of a stable vapour.

e The poor coverage also led to problems in establishing contact between the
thermocouple used to measure the temperature and the surface of the metal

tubing.

e The thin diameter of the heating element also failed the application as it is
not designed to be reshaped or remoulded after the initial installation. This is
wholly impractical, as the gas jet needs to be changed periodically or removed
and inspected for blockages. After no more than three of these checks the coax-

ial cable had fractured.

e The gas jet insertion geometry also proved to be impractical. Due to the gas jet
manipulator being inserted from the top of the chamber and space constraints
on the floor the vapour had to traverse a distance of ~2.5 metres before reaching
the gas jet. There was also an additional complication of the gas jet getting
blocked due to the benzene vapour dissolving debris and residue in the tubing,

which when dislodged, ended up falling and blocking the nozzle.
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In light of these complications found in the first design, the vacuum heating system
was completely redesigned. It was decided to insert the gas jet from below the laser
beam as opposed to above in order to minimize problems with blockages of the jet
occurring. This geometry was also favourable as it minimized the path length the

vapour has to traverse before reaching the gas jet.

A mineral insulated band heater was chosen to heat the gas jet (Watlow Ltd.). Due
to the small diameter of the jet in comparison to the heater, a copper jacket was
constructed to establish contact between both elements. The jacket also incorporates
a stable seat for the thermocouple for the gas jet. This design allows one to change
the gas jet without compromising the installation of the tubing heater and its robust
construction greatly diminishes the risk of damaging the heating element. The tubing
leading to the jet is heated by a silicone rubber heater (Watlow Ltd) which provides
>80% coverage of the tubing and has its own thermocouple installed in contact with
the tubing. Both heating elements are controlled independently of one another by
a 2 channel PID temperature controller. Figure 4.13 illustrates the construction of
the new vacuum heating system and a block diagram explaining the operation of the

heaters.

Input
Filter

- _44&-9—»“

Figure 4.13: Block diagram of inhouse heating system mark II. SSR: solid state relay, CH1:
channel 1, CH2: channel 2, TC: thermocouple, PID: proportional—integral—derivative con-
troller
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Two solid state relays (SSR) are used to switch power to the heaters. The type chosen
are "zero switching” wherein the switching of the relay from a non-conducting to a
conducting state occurs when the AC mains voltage reaches the zero-crossing point
of the sine-wave. Figure 4.14 illustrates the operation of a zero-crossing solid state
relay. At point (a) the control voltage is applied to the relay. The relay does not
permit the load current to flow through to the output until the next crossing of the
sine wave, which is at point (b). At point (c), the control voltage is removed from

the SSR input which then stops conducting the load current at point (d).

Control voltage

(a) (b)

Load voltage

VAN AN AN
M) (d)

Figure 4.14: Stages of operation for a zero-crossing solid state relay

The brass jacket which forms a contact between the gas jet nut and the ring heater
is held to the gas jet nut by four grub screws, each making contact with an exposed
side of the gas jets hexagon shape. The gas jet thermocouple sits in a seat on the
brass jacket. The gas jet and the thermocouple are not in direct contact; 2.0 mm
of brass separates the two elements. This arrangement eliminates the problem with
the previous design of having the thermocouple in direct contact with the gas jet nut
which was prone to slipping as the gas jet was moved by the manipulator. Alignment
of the gas jet could also present the possibility of ablating the thermocouple with the

focused laser beam.

The length of pipe inside the chamber, which terminates with the gas jet nozzle, is
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wrapped in Kapton tape before the tube heater is wrapped around it. The Kapton
tape functions to electrically isolate the heater from the piping. This heater is pre-
formed to fit a 6 mm diameter pipe and can be easily slid around the piping. The
thermocouple accompanying this heater is inserted under the heating tape midway
up the section of piping. There is nearly full coverage of the piping from its origin at

the manipulator up to the union with the gas jet nut.

Naturally the piping which has to support the weight of the brass jacket assembly is
prone to wobbling as the gas jet is moved by the manipulator. The first attempt at
rectifying this problem was to install an anti vibration tube. This simply consisted of
an outer tube around the tubular heater, a ring which could be moved up and down
the tube and a spring which makes contact with the bottom of the brass jacket. The
ring is wound around the tube such that the spring is tight under the brass jacket.
Whilst this design did reduce the vibrations associated with translating the gas jet
up and down, the lateral vibrations still remained. Figure 4.15 illustrates the heating

system for the tubing and the gas jet as it is in the vacuum chamber.

Figure 4.15: The in-house designed heaters for the gas jet and the tubing to the gas jet as
it is in the vacuum chamber

Figure 4.16 below illustrates the new design for limiting the vibrations that occur
when moving the gas jet. The mount simply consists of a nitrile o-ring around the

tubing to the gas jet which is clamped by a set of screws concentric of the enclosing
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metal mount. This is held in place by an optical post which is affixed to the mount
by a grub screw. The structure is stably held by two angle clamps and optical posts
perpendicular to the post supporting the mount. These posts are bolted to the
breadboard of the HHG chamber. This construction limits lateral vibrations of the

jet whilst still permitting it to be moved up and down with minimal backlash.

S

o

[ \> Gas Je
(\\//i/ -

Screws Concentric of
Mount

90° Angle Clamps and Posts

A

[Jomme—— @ Nitrile O-Ring

! ! |

Optical Post

Breadboard of HHG Chamber

* S /.

Figure 4.16: The redesign of the mount to dampen vibrations and backlash arising from
the translation of the gas jet laterally and transversally

4.3 Other modifications for working with organic

molecules

In order to work with the organic molecules in the vapour phase a number of their
characteristics must be considered and accommodated to prevent damage to the vac-
uum chamber and its components. Since the organic molecules are in the liquid phase

at room temperature, it is important to keep the delivery lines heated to prevent con-
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densation. Since dry scroll or rotary vane pumps are not suited to pumping corrosive
or liquid phase molecules the vacuum pumping must also be adapted accordingly.
This section will discuss each of the modifications in turn and detail their importance

to the system.

4.3.1 Pumping system

We have used turbomolecular pumps backed by scroll pumps with condensers and
cold traps for the chamber when handling the organic vapours. To justify this ar-
rangement I will now survey the main types of primary pumps and how they are
suited to dealing with the vapours. The backing pumps used on the experimental
chamber previously have been generic dry scroll pumps or rotary-vane pumps. Ro-
tary pumps have the advantage of requiring very little maintenance and their pump
oil is multi-purpose [172]. Figure 4.17 is a schematic of the operation of a rotary
pump. The pump oil acts to lubricate all the moving parts in the pump and serves
as a heat transfer medium to prevent overheating. As the rotor of the pump revolves,
it divides the working chamber into two separate spaces. Gas flows into the suction
chamber until it is sealed off by the second vane of the rotor. The volume of gas
sealed off is then compressed before the outlet valve opens against atmospheric pres-

sure expelling the gas through the outlet valve.
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Figure 4.17: Main components involved in the operation of a rotary vane pump

Whilst rotary-vane pumps are credited for their longevity and reliability, their advan-
tages are compromised by the potential contamination that can result from the pump
oil. Backflow contamination from the pump to the vacuum chamber can occur due
to a number of factors. ”"Suck back” involves the displacement of oil from the pump
into the rest of the vacuum lines and chamber under the influence of atmospheric
pressure [172]. This is most likely to occur in the event of a power failure whilst the
system connected to the pump is still under vacuum. As the experimental chamber
is housing an MCP which needs to be kept under a vacuum, a rotary-vane pump
would be operating continuously and the oil would gradually heat up due to mechan-
ical energy heat transfer. As the oil temperature increases, the vapour pressure also
increases which can migrate back into the vacuum chamber and bellows lines. This
usually occurs when low quality oil is being used. The use of more expensive oil with
a lower vapour pressure at elevated temperatures will reduce the likelihood of back

streaming but does add an additional cost to the upkeep of the pump.

There are a number of effective methods to minimise the backflow contamination.
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Activated alumina is highly porous and can be used as a foreline trap to absorb
back migrating oil. As practical an option as it may seem, foreline traps need to be
regularly inspected as they eventually do become saturated with oil. Whilst they can
be refreshed by baking the housing basket this is a time consuming process.

A less expensive method for reducing backflow contamination is using a gas ballast.
This consists of simply leaking dry nitrogen into the foreline. Dry nitrogen is purged
into the system at such a rate that the pressure in the foreline is in the viscous flow
regime. Under these conditions, molecule-molecule collisions dominate the flow pro-

cess such that the nitrogen molecules act as a barrier to the oil moving upstream.

Although oil pumps are undoubtedly a well established technology, they do have the
downside of requiring considerable maintenance and incorporations for preventing
backwards oil migration. As there is no definitive solution to completely preventing
backstreaming it is more time and cost effective to use a dry pump in place of a rotary
where oil must be completely eliminated from the system.

Whilst there are an abundance of oil free primary pumps, only scroll pumps will
be discussed here as they are the variety of roughing pump that has been used on
the vacuum chamber under discussion. Typically two Archimedes spirals made from
Teflon are used: one is static, the other orbiting the stator. The orbiting spiral traps
air pockets and compresses inward flowing gas to generate a vacuum. The only form
of maintenance required for this type of pump is the replacement of the tip seals.
Wearing of the tip seals can be detected when either the time taken to achieve the
specified vacuum level, or the ability of the pump to even reach this value, becomes

problematic or difficult.

In order to employ scroll pumps to the pumping of the Volatile Organic Compounds
(VOC’s) vapours a few modifications need to be made to both the interior of the
pump and to the vacuum lines. Chemically resistant scroll pumps are available and
differ from regular dry scrolls in the wetted parts they contain; PTFE or fluorinated
plastics are resistant to chemical degradation and thus enable the pump to handle
aggressive vapours. Whilst wetted parts enable the pump to handle organic vapours
they do not prevent the vapour from condensing in the pump. If a significant volume
of vapour is being pumped, the condensed liquid can solidify on the PTFE heads in

the pump which can cause corrosion and pump failure. A dry nitrogen ballast can
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prevent the vapour from condensing in the pump body. The pump is compressing
the vapour as it passes through and if the vapour is dense enough the compression
can cause it to condense. If ballast is used to purge some dry nitrogen into the com-
pression chamber then atmospheric pressure is reached at a lower compression ratio

and hence, less vapour condenses.

Naturally it is more sensible to mitigate the problems of a vapour condensing before
it reaches the scroll pump. For this thesis, a condensate separator and a cold trap
were used in conjunction. A condensate separator simply sits before the intake to the
pump and prevents liquid droplets from entering the pump; it also serves to prevent
the collection of liquid in the pumping lines [173]. By far the most effective means
for protecting the pump from vapours is by using a cold trap. A cold trap was in-
stalled after the condensate separator in the set-up used for this thesis. The trap
is filled with liquid nitrogen which is at -187 °C at atmospheric pressure. The trap
rapidly solidifies any liquid that is exposed to it. The only downside to using cold
traps is that they must be constantly filled with liquid nitrogen while the vapour is
being pumped. For this reason, in the apparatus constructed, a bypass line has been
made whereby the cold trap and condenser assembly can be isolated from the vacuum
chamber and scroll pump by two vacuum valves and a direct line between the pump

and the chamber can be used when the vapour is not flowing.
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4.3.2 Moving flange for MCP detector and CCD

Due to the small size of the MCP detector (40 mm), we are unable to record a full
HHG spectrum (plateau and cut-off) with a stationary MCP now that we are using
the longer wavelength (near-IR 1200-2000 nm) source to extend the cut-off of the
spectrum. To overcome this limitation we have developed a moving flange for the
MCP and CCD. This allows us to record the whole spectrum that can be stitched
together by noting the various positions of the MCP for data collection.

A schematic of the flange design is shown in Figure 4.18. A vernier callipers has
been attached to the flange enabling us to note an arbitrary position for the MCP.
Following from spectral calibration of the harmonics we then know what MCP po-
sitions correspond to the plateau and cut-off of our spectrum. Calibration of the
spectrum can be performed by using a target with strong emission lines that can be
distinguished from tables of the data. The drawbacks of this method include the
appearance of emission lines that can be attributed to impurities in the sample and
failure to identify first from second order diffracted peaks. The method that is used
for the spectral calibration in this thesis is to use spectral filters. The spectrometer
is calibrated by recording an image of the harmonics with a thin aluminium, zinc or
germanium filter in the beam path. For example, from the CRXO plots, aluminium
shows a steep drop in transmission at its L—edge at 72.7 eV. In conjunction with the

grating equation, this allows for a spectral calibration of the spectrometer.
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4.3.3 Jet orientation

Preliminary experiments were carried out with the gas jet manipulator flanged to
the port on top of the chamber. Whilst this has been the normal mode of operation
previously it led to drawbacks when working with the organic vapours. Since benzene
is an excellent solvent it had the effect of detaching any dirt or burrs from the inner
walls of the delivery tubing. These particulates ended up clogging the gas jet, as it
was observed that the vapour pressure reaching the interaction region was periodically
compromised. Inspection of the jet under a microscope showed the build up of small
particles in the 100 ym nozzle. To solve this problem, the jet orientation was changed

so that it was flanged to the bottom of the chamber. In this configuration gravity
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works in our favour as any loose particles stay in the tubing and cannot block the gas

jet during experiments.

4.3.4 Cold traps on vacuum chamber

It was also observed during the initial experiments that the optical elements were
becoming coated with condensed vapour, which was contributing to the rapid degra-
dation of the mirrors in the chamber. No damage was observed on the flat field
grating or the MCP detector which we suspected was due to the differential pumping
gradient. This pumping arrangement inhibits the volume of vapour that can seep into
the spectrometer chamber. Nevertheless, a cold trap filled with liquid nitrogen was
installed on both the generation and spectrometer chambers to prevent any vapour
being deposited on the optics. One could also bake the chamber to prevent the vapour
from condensing but this is both a dangerous and impractical task as it requires hav-
ing the entire outer walls of the chamber covered in heater tape and at an elevated
temperature. Whilst this is a standard procedure in a lot of laboratories it was not
implemented to prevent the vapour from condensing in this apparatus as it would
necessitate the entire chamber being covered in heater tape at ~ 200°C. This would
not only be very expensive to implement due to the size of the vacuum chamber but
also it is more dangerous than using the cold traps as one could get burned, especially
if components such as the moving flange, described in section 4.3.2, have to be heated

at an elevated temperature and need to be adjusted by hand.

4.3.5 Spectrometer chamber material

As has been stated previously, the original housing for the flat field spectrometer was
an anodized aluminium chamber. Anodizing aluminium is advantageous for the dura-
bility of the metal when compared to using raw aluminium. The deposited AlyO3 is
a non—conductive, amorphous, transparent layer which is typically tens of nanome-
tres in thickness. A major drawback of anodizing aluminium is that the aluminium
oxide layer is highly porous. High porosity consequently results in a high outgassing
rate [172]. The outgassing rate of a material specifies the amount of gas leaving a
surface under vacuum in unit time. Outgassing rates are commonly quoted either
by Torr x Litres per Squared Centimetre per Second or in units of Watts per Metre
Squared (W /m?) [174].
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Table 4.1: Outgassing rates of anodized aluminium and stainless steel after 1 hour and 10
hours of pumping under similar conditions [175]

Material K; torr £/em? (x10'0)  Kig torr £/em? (x10'°)
Al anodized (2pum pores) 2760 322
SS304, mechanically polished 17.1 4.6

Permeation occurs with virtually every material but it is highly elevated in Al;Os.
Pore size can vary widely depending on the nature of the anodizing procedure but
is typically in the micron range. The oxide layer absorbs large quantities of organic
vapour and then slowly desorbs them back into the vacuum space. This is disastrous
for the spectrometer chamber as it needs to reach a vacuum level below 1 x 10~% mbar
to enable us to operate the MCP whilst there is a gas load present. The time taken
for the chamber to reach this level drastically increased from a matter of hours to
in excess of 24 hours. Not much improvement was made on this by baking out the
chamber. A stainless steel detection chamber was designed and installed in 2013 and

has been the detection chamber for all the experimental data presented in this thesis.

Table 4.1 illustrates the outgassing rate of anodized aluminium compared to mechan-
ically polished stainless steel for both 1 and 10 hour pumping times. The outgassing
rate in the aluminium is higher than that of stainless steel by a factor of 160 after 1
hour of pumping [175]. It must be kept in mind that there are numerous conditions
in which the outgassing rate can be measured and it is dependent on the condition of
the surface so these numbers are merely an example of how poor anodized aluminium

is compared to stainless steel.

4.4 Working apparatus for vapour phase molecu-
lar HHG

The preceding sections of this chapter have discussed the previous methods used to
perform HHG in organic molecules that are liquid phase at room temperature. The
modifications which had to be made to the original HHG chamber in our laboratory in
order for us to perform experiments without compromising the health of the vacuum

system have also been outlined. Figure 4.19 illustrates the complete apparatus that
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has been developed. These developments have resulted in a number of milestones for

us in performing molecular HHG in a wider range of liquid phase targets:

e Moving the MCP flange increases the spectral range of data collection.

e Baratron to measure to backing pressure behind the gas—jet to three significant
figures. The baratron power supply has been constructed in house to commu-

nicate with the data acquisition program to log the backing pressure over time.

e Ability to perform comparative measurements between molecules without hav-

ing to disrupt the experiment.

e Choice of continuous flow gas jet will minimise the propagation length for

phase—matching and self—absorption.

e Apparatus has been upgraded to ensure there is no degradation of components

due to exposure to organic molecules.
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Figure 4.19: The complete apparatus that has been used for the experiments performed in

this thesis.
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4.5 Supplementary information on vacuum heater

This section lists the parts illustrated in Figure 4.20 that were used to construct the

heater and controller inhouse. Parts list is valid as of March 2015.

Solid State Relay (x2)

Manufacturer: CRYDOM

Order Code: 1846111

Manufacturer Part No: EL240A10-24
http://www.farnell.com/datasheets/1598967.pdf

IEC Filter

IEC 1 fuse SP inlet filter w/red LED,6A
RS Stock No. 214-6158

Brand: Bulgin

K Type Thermocouple Connectors

Manufacturer: LABFACILITY
Farnell Order Code: 7087937
Manufacturer Part No: IS-K-F (IEC)

Manufacturer: B+B THERMO-TECHNIK
Farnell Order Code: 4691362
Manufacturer Part No: 0220 0005

Manufacturer: B+B THERMO-TECHNIK
Farnell Order Code: 4691325
Manufacturer Part No: 0220 0001

Mains Rated Connectors for Connection of Heaters

Manufacturer: NEUTRIK
Farnell Order Code: 892385
Manufacturer Part No: NAC3MPB-1
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Manufacturer: NEUTRIK
Farnell Order Code: 892361
Manufacturer Part No: NAC3FCB.

Dual Loop PID Controller

Manufacturer: Watlow

Watlow EZ ZONE PM Integrated Controller
100 - 240 Volts AC supply

Product Code: PM9C1CH-ACCHAAA

Mineral Insulated Band Heater
Manufacturer: Watlow

1 1/2” Internal Diameter, 17 wide
240 Volt,300 Watts

12”7 type B leads

Product Code: MB1J1AN1-B12

Silicone Rubber Heater

Manufacturer: Watlow

Pre-formed for 1/4” Diameter Pipework
240 Volts, 0.09 Amps, 22 Watts

15”7 Straight Length @ 807%” Coverage
Product Code: 005220501

Shim Style Thermocouple for Sensing Band Heater Temperature

Manufacturer: Watlow

K Calibration, Grounded Junction
12”7 Stainless Steel Braided Leads
Product Code: 7T5XKSGA012A

Thermocouple for Sensing Silicone Heater Temperature

Manufacturer: Watlow
K Calibration Assembly with Mini Plug, 12” Long Leads
Product Code: 75639
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Chapter 5

Methodology

This chapter will concentrate on the issues associated with acquiring stable and re-
producible HHG spectra from the substituted benzene molecules. The issues shall
be addressed chronologically starting with those encountered in the 2013 data acqui-
sition campaign, which was largely concerned with recording preliminary data, and

then presenting the issues identified when the 2015 data run was in progress.

5.1 Safety

This use of carcinogenic molecules, class 4 lasers, elevated temperatures, cryogenics
and high voltage electronics makes the running of the experiments concerned in this
thesis quite hazardous. Every effort has been made to ensure all procedures involved
in the experiments are as safe as possible. The preparation of the vessels, each con-
taining &~ 100 mL of one of the carcinogenic molecules was done in a fume cupboard
with adequate personal protective equipment (PPE) in the form of safety glasses, lab
coats and gloves. All waste associated with the handling of these molecules was dis-
posed by a specialist hazardous waste contractor located on campus. A gas detector
was also purchased and set-up in the vicinity of the experiment. The detector was set
to alarm if any vapours from the molecules could be detected. Detailed procedures
for the scenario of a leak in the vacuum lines causing lab members to be exposed
to vapours was documented and approved by the colleges safety department. People
on site have been trained on the use of the breathing apparatus equipment in the
unlikely event that someone would have to enter the laboratory to shut off the lines

causing the leak of vapour into the atmosphere. Any time the vacuum lines needed
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to be changed, respirators were worn by those in the vicinity of the experiment. Any
equipment which was exposed to any vapours that was removed from the apparatus
went through a rigorous decontamination procedure of being washed in a specialist
ultrasonic bath and flushed with a solvent such as high purity acetone, followed by

water.

Since the water and oil baths used for the heating of the vessels containing the liquids
are operated at temperatures up to 80°C and 140°C respectively, precautions were
also taken to ensure no-one could be exposed to the extremely hot liquids. A kick
guard was installed around the baths and special covers for the baths were made to
ensure that no-one could get in direct contact with the bath liquids. Similarly, for
the cases where the cold traps on the vacuum chamber and on the vacuum pump
lines needed to be filled routinely with liquid nitrogen (198°C at room temperature)
lab members also had to be equipped to deal with a lower temperature extremity.
Participants on the experiment received specialist training and PPE for the handling
of cryogenic liquids. A splash guard box was also made that could be placed over the
cold traps on the vacuum chamber to ensure no splashes of liquid nitrogen could hit

lab members or get in contact with the liquids in the water and oil baths.

Since the experiment has been designed to be as safe as possible it was only necessary
for the laser protective eyewear to be worn whilst the experiment was running, unless
liquid nitrogen needed to be used to top up the cold traps, in which case, the person
doing so would wear the gauntlet gloves and splash goggles. Thorough leak testing of
the vapour delivery lines with nitrogen before the attachment of the vessels containing
the liquids ensured that there were no significant vapour leaks into the laboratory.
Very strict checks of the apparatus had to be performed daily to ensure there were
no flammable materials in the vicinity of the water and oil baths and the heating
tapes on the vapour delivery lines that could ignite. These strict safety measures
have ensured that there have been no serious incidents or accidents concerning this

experiment throughout the course of this PhD work.
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5.2 2013 data run

5.2.1 Spectral calibration

The moving flange was used to record spectra which could then be stitched together
using the images acquired at three different MCP positions. Spectral calibration was
performed by fitting the grating equation to the harmonics using the MCP vertical
offset and the incident angle upon the grating as free parameters. These parameters
were measured and the fit to the grating equation was optimised. The results of the

fitting procedure are shown in Figure 5.1.

| | | | |
500 600 700 800 900
y (pix)

|
200 300 400

Figure 5.1: Results for the calibration of the energy scale of the spectrum.

Each circle represents the observed position of a harmonic and its assigned photon
energy. The three lines each represent an MCP position — two cover the plateau
region and one covers the cut—off region of the spectrum. As shown in Figure 5.1,
the MCP positions are labelled as 56.0 mm, 75.0 mm and 95.0 mm; these MCP

positions represent the distance the MCP flange is moved from an arbitrary offset.

5.2.2 2013 halogenated benzene data

As shown in Figure 5.2, the overall amplitudes for the curves obtained for the three
different MCP positions are clearly different. It is evident that it is meaningless to

compare absolute harmonic intensities if we get different results for the same molecule.

Spectra were therefore normalized to obtain the best agreement between different

MCP positions. Although absolute intensity information is lost, the normalization
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Figure 5.2: Unscaled spectra for deuterated benzene, bromobenzene, chlorobenzene and
benzene for the three different MCP flange positions (50 images at ls exposure time).
The individual plot captions also show the backing pressure and the oil bath temperature
required to obtain that value.

allows us to compare the shapes of the spectra between different molecules across the
full range of MCP positions. Normalization was done by summing the area under each
harmonic to get a discrete rather than a continuous spectrum. The discrete spectrum
from the first MCP position is then normalized by its total area. The spectra from
subsequent MCP positions were then scaled to ensure the same area of the spectrum
in the overlapping region that is common with the previous MCP position.

The results of this normalization technique are shown in Figure 5.3 below with the
harmonic peaks extracted.

There is reasonable consistency between the different MCP positions now with the
exception of the C¢HsBr spectrum at 270 uJ per pulse on the lowest energy MCP
position (the leftmost part of the spectrum). This discrepancy can be attributed to
a blip in the laser power. These plots show an enhancement in the higher harmonic

orders for the halobenzenes (>25 eV) and a suppression at the lower orders (< 17
eV).
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Figure 5.3: Normalised plots for the data shown in Figure 5.2 as a function of beam energy
per pulse. 50 images were taken with a 1 s exposure time.
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Figure 5.4: Comparison of the spectra for benzene and fluorobenzene as a function of
energy per pulse. 50 images were taken with a 1 s exposure time. The straight lines are
flourobenzene traces at MCP positions 56mm (brown), 75mm (blue), 95mm (pink), and the
lines with circles are benzene at MCP positions 56mm (red), 75mm (green), 95mm (black)

We then switched to performing a comparison between benzene and fluorobenzene.
Normalized spectra for C4gHg and CgHsF are shown in Figure 5.4. This data was
taken when the nozzle diameter was 200 pm and for three different laser powers. In a
similar manner to the spectra in Figure 5.3, the halogenated molecule exhibits more

of a shoulder at the higher harmonic orders and lower signal at lower harmonic orders.
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However on a separate day the same comparison between benzene and fluorobenzene
was made, the difference between that and those displayed in Figure 5.4 is that the
backing pressure for the fluorobenzene was 1.5 bar and that of benzene was 0.5 bar.
The reason for the pressure discrepancy was that the oil bath was set to a temperature
which gave 0.5 bar of benzene and this temperature was not lowered for fluorobenzene
as this would have been extremely time consuming.

The attenuation of the laser beam using a half—wave plate and polariser combination
enabled finer power scans to be performed. The enhancement that was observed in
Figure 5.4 for the higher harmonic orders in fluorobenzene has disappeared.

This could be attributed to the pressure discrepancy but also could be due to fluc-
tuations from the laser. These finer step intensity plots are displayed in Figure 5.5.
The backing pressure for fluorobenzene was 0.75 bar and 1.5 bar at 70° and 110°
respectively. A number of factors can contribute to the discrepancies between the
fluorobenzene spectra in Figure 5.4 and Figure 5.5. Laser power instabilities and the

precision in controlling the backing pressure of the vapour are both key contributors.

—=—CgH,, 70°C
——CH.F, 110°C

Intensity (arb. units)

173 uJ

Energy (eV)

Figure 5.5: Intensity scans comparing the spectra from benzene and fluorobenzene under
similar HHG conditions. For each scan 50 images were taken with a 1 s exposure time.
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Figure 5.6 shows the unscaled spectra recorded in benzene with a beam energy of 320
p1d per pulse and the 200 um nozzle as a function of backing pressure for benzene.
Note that position of the lowest energy harmonic for the 0.5 bar differs from that of
the lowest energy harmonics for the 1.4 and 3.5 bar spectra as it was recorded at an
MCP position of 75 mm. The spectra for 1.4 and 3.5 bar were recorded at an MCP
position of 83.3 mm. There is a significant variation in the shapes of the spectra
for the different backing pressures. The lowest harmonic order ( 20 eV) intensity is
nearly equal for the three spectra whereas the highest differ by almost a factor of
two. There is a shift in the harmonic peaks which is possibly due to spectral shifting
of the fundamental. To test if this is a physical effect or an artefact of fluctuations
in the beam energy the reproducibility of the spectra must be verified. This pressure
scan illustrates a clear pressure dependence on the shape of the spectrum. In order
to avoid the regime where clustering becomes dominant this indicates that we should
operate at the lowest possible backing pressure which still gives us reasonable signal to
work with. Naturally, there is a higher HHG signal from the 3.5 bar backing pressure
as the number of emitters contributing to the signal is dramatically higher than that
of the lower pressure cases. Clusters are formed in the high pressure gas-jet due to
the rapid cooling by the adiabatic expansion of the molecules into the vacuum. The
harmonic yield scales as the square of the backing pressure in atoms and molecules.
It has been observed that for clusters the scaling of harmonic signal with backing

pressure is a cubic relationship [176].
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Figure 5.6: Pressure scan in benzene using spectra taken at different times during the data
collection day. The time is shown in the legend alongside the backing pressure. There is
also clear evidence of spectral shifting of the fundamental which is indicative of instabilities
with the laser. 50 images were taken for each scan with a 1 s exposure time.
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5.2.3 2013 PACER data

In Figure 5.7, the background subtracted peak heights are plotted as a function of
peak number for both molecules. The red crosses represent one data set from CgDg
that was recorded at the middle MCP position (MCP d = 75.0 mm) which is a clear
outlier when plotted against the other traces. Spectra were recorded at the three
MCP positions and the molecules were alternated twice at each MCP position with

the exception of CgDg which was accidentally skipped at the middle MCP position.
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Figure 5.7: Background subtracted peak heights are plotted as a function of peak number
for both molecules (top). The area normalised average peak heights are plotted for the
three MCP positions (bottom).

In the bottom panel of Figure 5.7, the area normalised average peak heights are
plotted for the three MCP positions. The benzene and deuterated benzene spectra

are identical from this result.
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A slight increase in the ratio was observed in the data that was acquired on a different
day during the experimental campaign; this is displayed in Figure 5.8. Four pairs of
spectra were acquired at MCP position d = 76.0 mm and 3 pairs were acquired at
MCP d = 91.7 mm. The top panel shows the average peak intensity as a function
of peak number for both molecules. The middle panel is the area normalised average
peak height from the top panel. The bottom panel is the ratio of C4Dg to CgHg.
There is an increase in the magnitude of the ratio with harmonic order. The sudden
decrease at peak 19 is attributed to the position where the second MCP position
ends. In contrast to Figure 5.7, this result is dubious. Monitoring the harmonic
spatial mode throughout the data acquisition would be a useful test to check which

results are physical and which are artefacts of the laser fluctuations.
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Figure 5.8: The average peak intensity as a function of peak number for both molecules
(top). Area normalised average peak height from the top panel (middle). Ratio of C¢Dg to
CgHg (bottom).
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5.2.4 Pacer 2013 discussion

The PACER data acquired in the 2013 experimental campaign implies that there is no
change in the ratio between the protonated and deuterated species. The discrepancy
in the ratio between Figures 5.7 and 5.8 can be substantiated by looking at the
stability of the harmonic spatial mode for both data sets as shown in Figures 5.9 and

5.10 respectively.
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Figure 5.9: Stability of the harmonic spatial mode for the data shown in Figure 5.7

Figures 5.7 and 5.8 represent the spatial modes for benzene and deuterated benzene
at two different times during the data acquisition period for the day that the data
was taken. These plots were made by taking the mean value of the integrated image
of the harmonics, normalising this value to 1 and converting the pixel scale to mrad.
The conversion factor from pixels to mrad can be extracted from the plot made for

determining the energy calibration, as in Figure 5.1. The bottom panels of both fig-
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Figure 5.10: Stability of the harmonic spatial mode for the data shown in Figure 5.8

ures show the raw HHG images for the benzene and deuterated benzene spectra.

We can infer from this data that the data shown in Figure 5.8 is misleading as the
fluctuations in the harmonic spatial mode have manifested as a contribution to the
harmonic signal which has impacted upon the measurement of the ratio between the
protonated and deuterated species. The stability of the harmonic spatial mode per-
taining to the data shown in Figure 5.7 is excellent in contrast with no significant

changes in the harmonic divergence that is exhibited in the bottom panel.
This check of the spatial mode stability was a necessary check to confirm if the ratio

observed in Figure 5.7 was a real physical effect or a bogus result. The comparison

of the deuterated and protonated species has further highlighted the importance of
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confirming that any enhancements or suppressions observed in the data are not an

artefact of fluctuations in the laser power or gas jet stability.

5.3 2013 data: Conclusions and actions taken

The 2013 data was a milestone for the progress on this project. We have demon-
strated that we can perform HHG on a range of substituted benzene molecules using
the heated continuous flow gas—jet. As a preliminary run though it highlighted a
number of issues with the apparatus that needed to be addressed. These issues have
been discussed in depth in the previous chapter. The implementation of a baratron
pressure gauge allowed for finer tuning of the backing pressure. As opposed to solely
relying on the readings off the Swagelok pressure gauges, the installation of the bara-
tron close to the vacuum chamber enabled us to get a backing pressure value stably

within tens of millibars accuracy.

To make the sample swapping procedure easier, two key modifications were made.
First of all we installed the water bath alongside the oil bath such that we have 8
samples on the apparatus at any one time; four that can be sufficiently heated by the
water bath to generate the required vapour pressure (i.e. benzene, deuterated ben-
zene, fluorobenzene) and four that require the elevated heating capabilities offered
by the oil bath to generate sufficient vapour pressure (i.e. the three xylene isomers,
toluene, bromo, chloro and iodobenzene). The second change made to the apparatus
was to install a copper tubing framework inside the oil bath such that cold water
could be flowed through it so the oil would cool down quicker for when we are cycling

through the series of molecules.

It was also decided to change the focusing conditions for the experiment from the 30
cm focal length spherical mirror to a 50 cm focal length CaFy lens. This switch of
focusing optic was made as it was noted that the spectra tended to saturate under the
previous focusing conditions and focusing looser is easier to implement than attenua-
tion of the beam. This focusing geometry eliminates the need for a flat mirror in the

chamber to send the beam to the focusing optic before it is focused over the vapour jet.

A filter wheel has also been installed in the spectrometer chamber to be used for the
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spectral calibration. Filters such as Al and Zr with known transmission curves in the
energy range of interest to us were used in conjunction with the previously outlined
grating equation calibration method to improve the accuracy of the spectral calibra-
tion of the harmonics. The moving flange which is used to translate the MCP detector
has also had a micrometer attached so there can be reproducibility in the movement
of the MCP. The anti—vibration apparatus as shown in Figure 4.16 was also installed

to mitigate fluctuations that emerged from the movement of the gas—jet manipulator.

Dr. Dane Austin also constructed a scanning FROG for the measurement of the pulse
duration which is less cumbersome to make a measurement with in comparison to the
SEA—SPIDER. To mitigate the laser stability issues encountered in the previous ex-
perimental run, Dr. Austin also implemented a number of diagnostics for the laser
system. A stabilisation set—up consisting of two cameras and two motorised mirrors
has been installed in the first amplification stage of the Red Dragon laser system
at the ring. A camera is also in place at the output of the laser to lock the beam
pointing. At the output of the laser there is also a photodiode monitoring a pick off
from the main beam which records the output power of the laser. An actuator has
also been installed onto one of the translation stages of the grating compressor in
the second amplification stage of the Red Dragon laser system. Feedback from the
SPIDER was also implemented in order to keep the chirp of the 800 nm beam stable.
These modifications resulted in the chirp fluctuations going from 450 fs* to 410 fs?.

There is also a photodiode monitoring the output of the hollow core fibre.

Following all of these modifications, the 2015 data collection commenced. Iodoben-
zene was intentionally excluded from the data sets due to problems it caused with
the Swagelok pressure gauges. Above a certain temperature we noticed that the
readings on the pressure gauges were inconsistent with what we know from the
temperature—vapour pressure curves i.e. in one instance we noticed that at a bath
temperature of 140°C the gauge was reading a pressure of 8 bar which is not feasible.
In light of these complications and the health hazards associated more so with this
molecule than the other halogenated benzenes we decided to terminate data acqui-
sition with this molecule. Following clarification from Sigma Aldrich that the main
impurity in o-xylene was water which would evaporate at the temperatures required

to generate ~ 0.5 bar vapour pressure it was included in the 2015 data run.
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5.4 2015 data run: benzene

This section will go through the second experimental run results with a focus on the
reproducibility of the data as a function of time; first of all within the same day and
then comparing data acquired with similar experimental parameters but collected on
different days. The dependence of the shape of the spectrum on backing pressure is
also investigated. Intensity scans were also performed to see both the extension of the
cut—off and the saturation of the spectrum. In table 5.1, we show the relationship
between the bath temperatures and the vapour pressure generated in the molecules

of interest.

Table 5.1: Bath temperature and vapour pressure of molecules. WB stands for molecules
that were heated using the waterbath. OB indicates those heated using the oil bath

Molecule Temperature (°C) for 0.3 bar Temperature (°C) for 0.5 bar
Benzene 45 (WB) 61 (WB)
Deuterated Benzene 36 (WB) 56 (WB)

Toluene 78 (OB) 91.5 (OB)
Fluorobenzene 50 (WB) 61 (WB)

M-Xylene 108 (OB) 119 (OB)

P-Xylene 107 (OB) 117 (OB)

O-Xylene 119 (OB) 129.6 (OB)
Chlorobenzene 98 (OB) N/A
Bromobenzene 119 (OB) N/A

The experimentally recorded vapour pressure curve for benzene is shown in Figure
5.11. The vapour pressure of a particular molecule is only temperature dependent —
for example, it does not depend on the amount of liquid in the confining container. As
shown in Figure 5.11, the vapour pressure has the expected exponential relationship
with increasing temperature. The relationship between the temperature of a liquid

and its vapour pressure is described by the Clausius—Clapeyron equation:

(5.1)

where P; is the partial pressure of the liquid at 7} and P, is the partial pressure of
the liquid at 7. R = 8.3145 J/mol/K is the ideal gas constant and AH,,, is the

enthalpy of vapourization in units of J/mol.
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Figure 5.11: Vapour pressure curve recorded for benzene

5.4.1 Intensity measurements

To estimate the peak laser intensity at the focus of the laser we calculate the power
from the simple relation: P = E/t where FE is the laser energy per pulse, which is
recorded on a power meter before the entrance to the vacuum chamber, and ¢ is the
pulse duration which we measure from the FROG. We get an estimate of the beam
waist using w = wyipre X 0.64 X f1/ f2, where wyp,e is the measure of the beam waist at
the exit of the hollow core fibre, f; is the focal length of the lens before the vacuum
chamber and f; is the focal length of the collimating mirror at the output of the
hollow core fibre. Optimal coupling into the lowest order mode occurs when the ratio
of the focused spot size to the fibre inner diameter, ID, is: 2w/(ID) = 0.64. The
focal spot size area is then calculated using area = m x w?/2. We then simply use
I = P/area to calculate the intensity of the beam at the focus. This is the method
that is used for peak intensity at the focus measurements throughout this thesis.

It is experimentally quite difficult to accurately measure the peak laser intensity at
the laser focus. The approach we use here, as outlined above, is to estimate the focal
spot size based on the near—field laser beam size. This tends to be an overestimate
of the intensity due to the fact that it does not account for imperfections in the mode

quality.
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One in situ method for measuring the laser intensity at the focus of the beam in a
gas—jet is to use an ionization gauge. A full description of the design and operation
of an ionization gauge is given in the work by Shiner et.al [177] which discusses the
measurement of the laser intensity in the focus of a gas—jet by recording the ion
yield. Briefly, this paper states that due to the ion signal being proportional to the
number of ions in the laser focus, the dependence of the ionization probability on the
pulse energy can be measured. A single atom ionization rate model is then applied
and integrated over the focal volume. In this work, the model developed by Yudin
and Ivanov [20] is used to calculate the dependence of the field ionization rate on the

laser intensity:.

The intensity at which the maximum photon energy is produced can be simply cal-
culated from the classical cut—off law: Fey_opp = 3.17U, + I, where U, = E?/(4w?).
However, we must bear in mind that the experimentally observed cut—off position is
usually less than that given by the cut—off law. This can be attributed to poor phase
matching of higher harmonic orders. For longer drive laser wavelengths (> 800 nm),
the higher harmonic orders, which have shorter wavelengths, will be more sensitive

to subtle changes of the phase of the drive laser field.

The efficiency of the harmonic generation process scales up rapidly with increasing
laser intensity up to a certain value and plateaus off beyond that value — the satu-
ration intensity. At this intensity, all of the emitters in the interaction volume are
ionized and the number of electrons which contribute to the HHG process cannot

increase further [178].

We will use the method outlined at the start of this section, which depends on the
pulse energy, pulse duration and spot size, to calculate the intensity at the laser fo-
cus. It is important to note that in cases where the intensity of the cut—off position
is calculated that the value for the laser intensity at the focus may exceed the sat-
uration intensity value due to it being an overestimate as it does not account for

inhomogeneities in the beam profile or phase matching.
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5.4.2 Reproducibility of the spectra from benzene

Figure 5.12 shows the normalised harmonic spectra from benzene recorded over a
period of 40 minutes on a particular day. The MCP was not moved during the
data acquisition and the backing pressure recorded from the baratron was 0.55 bar
throughout the collection. The beam energy randomly fluctuated between 0.34 and
0.38 pJ per pulse from the 1750 nm, 40 fs TOPAS beam. The pulse duration was
measured to be 56.3 fs and the average pulse energy was 0.36 mJ per pulse. The
calculated intensity at the focus was determined to be 5.7 x 10'® W /cm?. The 200 ym
nozzle was positioned with respect to the laser focus for the optimal phasematching
conditions. The diameter of the iris before the entrance to the vacuum chamber was

10 mm.
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Figure 5.12: HHG spectra from benzene recorded with a backing pressure of 0.55 bar and
beam energies per pulse are shown in the legend of the Figure. 10 images were taken for
each spectrum with a 1 s exposure time.

This plot illustrates that over a short period of time the shape of the spectrum
remains consistent despite the fluctuations in the beam power. Plotting the spectra
from benzene acquired under similar conditions on two different days it is evident

that reproducibility of the data is an issue in the data acquisition.
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Data taken on two separate days is shown in Figure 5.13. The average peak intensity

at the focus was 5.7 x 10" W/cm?.
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Figure 5.13: Spectra recorded in benzene for two different days where the generating con-
ditions are not the same. The blue traces were taken on one day and the red and green
traces represent a different day with similar laser parameters and backing pressures. On
both days, there were 10 images taken for each data set witha 1 s exposure time.

The blue curves in Figure 5.13 retain a similar shape to one another. The data
acquired on the other day is however different. A shift of the harmonic orders is
noticeable; this can be an artefact of the spectral shifting of the fundamental. For
example instabilities in the laser system can lead to higher order dispersion terms
becoming significant which can cause the spectral position of the fundamental to
shift to lower wavelengths (blue shifting) or to higher wavelengths (red shifting).
Whilst the shape of the spectra in the red and green curves are comparable there
are a few discrepancies between them and those taken on the other day of the data

acquisition.
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If we compare spectra acquired on three different days as shown in Figure 5.14 we

see a similar result. The average peak intensity at the focus was 6.5 x 10* W/cm?.
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Figure 5.14: Unnormalised HHG spectra from benzene taken on three different days with
similar backing pressures and laser parameters. For each data set 10 images were recorded

with a 1 s exposure time.

The red plots are one day, the black plots a consecutive day and the blue plots are

a third day that spectra from benzene were acquired under similar conditions. The

shapes and relative harmonic intensities of the lime green and dark green curves are
similar if the shifting of the harmonic orders is discounted. The blue data set does

exhibit some interesting features such as reductions in the harmonic intensities of the

harmonics at ~ 20 ¢V and =~ 24 V.
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Taking the ratios of benzene, deuterated benzene and fluorobenzene to benzene allows
us to check the reproducibility of the shapes of the spectra too. Fluorobenzene
is included in these plots to reinforce the result that the harmonic intensity from
this molecule is suppressed across the recorded spectrum. In Figure 5.15, the ratio
of benzene to benzene for two separate runs is plotted along with three different
deuterated benzene spectra whose ratio is taken to the first benzene run too. The
peak intensity at the focus is 7.8 x 1012 W /cm?. Analogous to the deuterated benzene
case, three distinct flurobenzene runs are also divided by a common benzene spectrum.
The spectra are normalised to their first harmonic visible on the MCP before taking
the ratio to benzene which enables easy comparison of the shape of the spectra but

the magnitude of the ratio should be neglected.
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Figure 5.15: Ratios of spectra for different runs to the first benzene run. Different colours
denote different molecules and different markers represent different data acquisition runs.
Spectra are normalized to the first harmonic to appear on the MCP image. In all cases the
backing pressure was 0.5 bar and the beam energy was 490 uJ per pulse. For each run, a
sequence of 50 images were acquired with a 1 s exposure time.

The different runs shown in Figure 5.15 clearly follow similar shapes which is a positive
result for the reproducibility of the spectra, especially as it is valid for three separate
molecules on the apparatus. To accurately represent the error for this plot, the data
from all the runs for a given molecule were collected into one data set with the
associated error from the variation over the whole set. This does give quite large
errors but it does allow us to see the ratios with absolute values. The data with

error bars is shown in Figure 5.16. It is important to note that in Figure 5.16 it is
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immediately clear that within the error bars the ratio of the deuterated to protonated

benzene is one and does not change.
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Figure 5.16: Ratios of benzene, fluorobenzene and deuterated benzene to benzene with
associated errors.

With such large errors it is difficult to make any solid claims about the ratios but
there is, for example, an increase in the deuterated benzene to benzene ratio which is
consistent to what was observed in the 2013 run. What is striking is the significantly
lower signal levels in fluorobenzene across the whole spectrum compared with the
other molecules.

The shape of the spectrum is also sensitive to the vertical position of the gas—jet. It
was noticed that when the cold trap on the generation vacuum chamber was being
refilled that the signal had dropped by a factor of three suddenly. When the jet was
being realigned to re—optimise the signal level, it was evident that the shape of the

spectrum was changing significantly.
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X 105 toluene, (10 images @ 1 s exposure) at each gas jet y, shaded region = +/- 1 std dev., 0.3 bar, 8 mm iris, 0.47 W into chamber, legend shows gas jet y position, bigger numbers mean up (into the beam)
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Figure 5.17: Unnormalised plots of the HHG spectra from toluene recorded as a function
of the vertical position of the gas—jet. The total motion of the jet was 210 pum so each of
the 8 steps was ~ 26pum. For this data 10 images were taken with a 1 s exposure time for
each height increment.

The effect of the vertical height of the gas—jet was investigated in toluene for 8
different jet positions. The jet was set to a reference where there was no harmonic
signal before being moved up such that position 1 corresponds to the first position
where harmonics were detected. The lowest position for the gas—jet starts at a height
where the signal is about a fifth of the maximum. The jet is then moved up towards
the focus of the beam such that the highest position of the jet is where the beam
focus is just grazing the gas—jet. The backing pressure was 0.3 bar and the beam
energy was 470 pJ per pulse. The average peak intensity at the focus was 7.4 x 103
W /cm?. As shown in the Figure 5.17 of the unnormalized spectra, it is evident that
the variation in the signal level is systematic with the signal increasing from the
lowest position of the jet below the focus, 1, to position 6. At positions 7 and 8 the
signal begins to dramatically decrease. It was noticed on the camera that images the
gas—jet onto a CRT screen that the plasma plume was very bright.

Figure 5.18 is a plot of the normalized spectra displayed in Figure 5.17. It is clear
that there is a variation in the shape of the spectrum at each height increment but
the discrepancies are smallest for positions 1 — 3. As the jet is moved closer to the
focus of the beam the spectrum appears to shift to relatively higher harmonic orders

until the jet is very close to the laser focus such that it is skimming it (positions 7
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and 8). The spectra taken at these two positions show the spectrum shifting to lower
harmonic orders. These results demonstrate that the gas—jet should be kept in the

vicinity of positions 1 — 3 to mitigate any significant reshaping of the spectrum.

toluene, (10 images @ 1 s exposure) at each gas jet y, shaded region = +/- 1 std dev., 0.3 bar, 8 mm iris, 0.47 W into chamber, le
gend shows gas jet y position, bigger numbers mean up (into the beam)
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Figure 5.18: Normalised plots of the HHG spectra from toluene recorded as a function of
the vertical position of the gas—jet. The total motion of the jet was 210 um so each of the
8 steps was ~ 26um.
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5.4.3 Pressure dependence of harmonic spectra in benzene

and substituted benzenes

The pressure dependence on the shape of the harmonic spectrum was also investi-
gated. Figure 5.19 shows the raw lineouts of HHG spectra from benzene acquired at

different backing pressures between 0.1 and 0.83 bar.
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Figure 5.19: Unnormalised plot of a pressure scan in benzene going from 0.83 — 0.1 bar.
This data was acquired as a sequence of 50 images with a 200 ms exposure time.

The shape of the spectrum is not drastically different as a function of the pressures
investigated. The input beam energy was 490 pJ per pulse throughout the duration
of the pressure scan. The average peak intensity at the focus was 8.7 x 10 W /cm?.
The method of background subtraction used was to take an MCP image with the
laser beam blocked but the gas going into the chamber. It is time consuming and
laborious to take a background image with the laser in and the gas off as it takes

time for the gas in the delivery lines to be evacuated through the 200 pum nozzle.
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Figure 5.20 shows the harmonic peak intensities from Figure 5.19 normalised to the

maximum peak in each spectrum.

0.1 ber
015 ber | |
0.21 bar
0.25bar
04 bar |
0.53 bar
0.58 bar
0.83 bar

09|

o
=
T

Intensity Normalised to max peak
o o o
3] o ~
T T T

o
~
T

o
w
T

0.2 1 1 1 1 1 1
14 16 18 20 22 24 26 28
)

Energy (eV

Figure 5.20: Harmonic peak intensities of the pressure scan shown in Figure 5.19 normalised
to the maximum intensity peak of each spectrum.

There is a consistent trend in the lineouts in Figure 5.20. The number density in the
gas—jet, IV, is proportional to the backing pressure. The density dependence of the
harmonics should be ultimately dependent upon propagation effects provided that
the response of the individual molecules is independent of the density. A quadratic
increase in the harmonic signal as a function of increasing backing pressure is expected
as a regime for phasematched HHG is proportional to N2,

In the Figures 5.21 and 5.22, the normalised and unnormalised pressure scans are

presented. The average peak intensity at the focus was 7.5 x 10 W /cm?.
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Figure 5.21: Area normalised HHG spectra as a function of backing pressure. In all
molecules except fluorobenzene, higher harmonics become relatively stronger at higher pres-
sures. The effect may be masked by the low signal in fluorobenzene. The effect is more
pronounced in the xylenes and toluene but there in the benzene and deuterated benzene
spectra. For each scan 30 images were recorded with a 1 s exposure time.
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Figure 5.22: Unnormalized HHG spectra recorded as a function of backing pressure.

In Figure 5.23, spectra for benzene, toluene, fluorobenzene and the three xylene
isomers are plotted unnormalised. The backing pressure varies from 0.26 to 0.31 bar
for each species and the beam energy per pulse is 620 pJ. The average peak intensity
at the focus was 1.1 x 10 W/cm?. There was a small (~ 5%) drift of the hollow

core fibre output which was traced back to drift in the compressor of the Red Dragon
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laser system when this data was taken. This plot substantiates that working with
lower backing pressures keeps spectra self-similar. Reverting back to the 2013 data
pressure scan in Figure 5.6 we see that the shape and magnitude of the spectrum
changes as a function of backing pressure. Consistency in the spectral shape and
ensuring local fluctuations in density or phenomena such as the formation of clusters
are circumvented are of utmost importance to acquiring reliable and meaningful data

on the molecules relevant to this thesis.
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Figure 5.23: Spectra for benzene, toluene, fluorobenzene and the three xylene isomers are
plotted unnormalised. For this data, each spectrum was acquired as a sequence of 15 images
with a 1 s exposure time.

This chapter has focused on the issued related to acquiring stable and reproducible
HHG spectra from the molecules on the apparatus. As the entire apparatus has
been constructed in house, and is designed to generate a vapour jet from molecules
that are in the liquid phase at room temperature, it is important to address these
issues. Checking the dependence and reproducibility of the harmonic spectra on
backing pressure, gas jet translation and switching between molecules has enabled us
to establish the optimal working conditions for acquiring reliable data which shall be

presented in chapter 6.
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Chapter 6

Results

This chapter will present the data acquired and processed throughout this PhD
project. The results were obtained in two campaigns - one in December 2013 (hence-
forth 2013) and one from February to April 2015 (2015). 2013 yielded preliminary
data and highlighted some problems with the experiment. These issues were ad-
dressed in the 2015 data collection.

I will first present the data that was acquired in December 2013 with the apparatus.
The data will be presented in chronological order. I will then the discuss the data
acquired during 2015. The idler from the HE—TOPAS at a wavelength of 1.7 pm,
duration of 40 fs (measured using the SEA—SPIDER) and repetition rate of 1 kHz was
used. The beam was passed through an evacuated 1 m long, 400 pum hollow core fibre
for mode cleaning. As shown in Figure 4.19, the beam was focused into the target gas
by a f = 30 cm spherical mirror. The harmonics passed into the spectrometer which
contained the 1200 lines/mm grating and the MCP detector. The gas—jet diameter
was either 100 or 200 pm - it shall be explicitly stated which jet diameter was used
for each data set presented. This apparatus only consisted of the oil bath for this
run so only four samples could be used at one time. The backing pressure in the
delivery lines was adjusted by changing the temperature of the oil bath. The pressure
was monitored using the Swagelok pressure gauges, one of which was attached to
each individual sample vessel. The data shall be split into three classes based on the

molecules used; PACER, methylated benzenes and the halogenated benzenes.

240



Raw harmonic spectra for benzene, toluene, m-xylene and p-xylene are shown in
Figure 6.1. The backing pressure was recorded as being 0.5 bar for benzene, toluene
and m—xylene but was 0.4 bar for p—xylene. The energy per pulse was ~ 255y J per

pulse.
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Figure 6.1: Raw harmonic spectra recorded in benzene, toluene, m-xylene and p-xylene.

As shown in Figure 6.2, we have recorded harmonic spectra from benzene, deuterated
benzene, bromobenzene, chlorobenzene, iodobenzene and fluorobenzene. To the best
of our knowledge these are the first recorded HHG spectra from these molecules
and to be performed using both the continuous flow gas—jet and the 1700 nm drive
wavelength. The 200 pm nozzle was used for the generation of the vapour and the

long pulse idler (1750nm, 40 fs duration) was the drive laser.
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Figure 6.2: Spectra recorded in benzene, deuterated benzene and all of the mono halo
substituted benzenes. The backing pressure is 0.4 bar for all molecules with the exception
of iodobenzene where the backing pressure was 0.2 bar.

6.1 Comparison of benzene to deuterated benzene
HHG spectra: December 2013 data

The PACER experiment as described in section 3.3 has been extended to benzene
and deuterated benzene. The first attempt at performing PACER in benzene and
deuterated benzene was also carried out during the 2013 data run.

On each day of data taking, four pairs of spectra were acquired for benzene and
deuterated benzene. The four pairs of scans are shown plotted together in Figure 6.3.

The spectra are area normalised to enhance the comparison between both species.
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Figure 6.3: Area normalised spectra for benzene and deuterated benzene displayed as four
pairs of data for the PACER comparison. For each data set 50 images were acquired with
a 300 ms exposure time.

The laser beam input energy was fixed at 290 pJ per pulse and the backing pressures
used were 0.55 bar and 0.50 bar for deuterated benzene and benzene respectively.
The two samples were heated in the oil bath and measurements were taken at the
same bath temperature for both molecules which yielded a discrepancy in backing
pressure which would have been time consuming to adjust for as it would have relied
on allowing the bath to cool by a few degrees to adjust the temperature which was

an impractical procedure.
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A third data set was acquired for the comparison of the protonated to deuterated
benzenes. In Figure 6.4, four pairs of spectra are plotted for three intensity values;
63%, 79% and 100% of the input beam power. Each spectrum is normalised by the
area All four data sets follow a similar trend and show that the ratio between deuter-
ated benzene and benzene is the same. Since the variation between measurements
exceeds the shot to shot variation from the laser, the individual measurements can be
shown without error bars to give a sense of the overall uncertainty to the data. Since
the stability of the mode was found to be very stable for this data set this further
substantiates the claim that the spectra recorded for benzene and deuterated benzene

are very similar.
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Figure 6.4: Four pairs of spectra plotted for three intensity values; 63%, 79% and 100% of
the input beam power
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6.2 Comparison of benzene to methylated benzene

HHG spectra: December 2013 data

To investigate the effect of multiple substitutions on the benzene ring and the influence
of the positions of the substituents we performed HHG in benzene, toluene and two
of the three xylene isomers; meta and para—xylene which were presented in 1.7.5.
The third of the isomers, ortho—xylene was excluded from this data run as it was
thought to contain impurities according to the information from the supplier Sigma
Aldrich. The exact classification of these impurities was not made available to us
when the experiment commenced. We excluded o—xylene as it was feared that the
impurities may be very efficient at HHG and would lead us to draw false conclusions

from comparisons between the other xylene isomers.

benzene toluene m-xylene p-xylene
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Figure 6.5: HHG spectra acquired in benzene, toluene, m—xylene and p—xylene.For each
data set 50 images were taken with a 1 s exposure time.

Figure 6.5 shows the harmonic spectra from the four molecules: benzene, toluene,
m—xylene and p—xylene. Both of the xylene isomers have smaller cut—off energies
than benzene and toluene. M—xylene has the smallest cut—off energy of the four
molecules. The backing pressure was recorded as being 0.5 bar for benzene, toluene
and m—xylene but was 0.4 bar for p—xylene. The discrepancy in backing pressure
arose from the fact that the two xylene isomers were placed in the oil bath at a tem-

perature of 130°C which equated to 0.5 bar and 0.4 bar for m—xylene and p—xylene
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respectively. Due to the fact that it took a considerable amount of time for the 7 L of
silicone oil in the bath to cool down, it was inefficient to fine tune the temperature to
the requirements of each molecule. The beam energy was ~255 uJ per pulse for the
four data sets. The goal of this experimental run was to record HHG spectra from
benzene, toluene and the xylene isomers in order to take ratios of the substituted
benzenes to benzene in order to elucidate if the nuclear dynamics are faster in the

isomers as predicted by Mendive-Tapia et.al [125].
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Figure 6.6: Area normalised harmonic peak intensities for benzene, toluene, m—xylene and

p—xylene (top panel). Ratios of toluene, m—xylene and p—xylene to the benzene reference
(bottom panel). The backing pressure was 0.5 bar for each molecule.

Figure 6.6 shows the ratios of the methylated benzenes to benzene. On the day these

HHG spectra were recorded it was decided to start with the molecule with the low-
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est temperature to vapour pressure requirement to achieve 0.5 bar backing pressure
unlike the previous methylated benzene data. The backing pressure was ~ 0.5 bar
for each of the molecules and the beam energy was ~ 260 uJ per pulse. The spec-

tra were area normalised before the ratios were taken to facilitate better comparisons.

Also plotted in Figure 6.7 is the ratios of the substituted benzenes to benzene along
with the ratio of m—xylene to p—xylene. For this experiment we used benzene as
the reference molecule which is analogous to the PACER experiment. It is evident
in Figures 6.5 and 6.6 that the substituted benzene harmonics decrease faster with
harmonic order. This decrease is also faster in m—xylene than in p—xylene. Possible
explanations for these trends are both rapid nuclear motion arising from the methyl
groups although contributions from multiple electronic states must also be considered.
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Figure 6.7: This plot is identical to that of the bottom panel in Figure 6.6 but with the
addition of the ratio of m—xylene to p—xylene.
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6.3 Intensity dependence of HHG in benzene and

substituted benzenes

Recording HHG spectra as a function of laser intensity is important for ensuring we
are acquiring data under conditions where the spectra are not saturated. In Figure
6.8 the harmonic intensity as a function of power fraction and the harmonic energy
is plotted. The pulse energy was 420 pJ and this was varied using a half—wave plate
and polariser combination such that spectra can also be recorded as a function of

power fractions. The average peak intensity at the focus was 7.4 x 1013 W /cm?.
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Figure 6.8: Intensity scan in benzene. The maximum energy per pulse was 420 uJ per pulse
which corresponds to a power fraction of 1. The backing pressure was 0.48 bar for benzene.
A sequence of 20 images was taken with a 1 s exposure time.

A clear linear dependence of the harmonic cut—off energy on the driving laser power

is evident as shown in Figure 6.8, as is expected from the classical cut—off law. The
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cut—off shifts to successively higher photon energies as the pulse energy is increased
until it saturates at ~ 150 pJ (power fraction of 0.35). The power fraction, which is
seen as the right hand vertical scale in Figure 6.8, is recorded as the fraction of the
maximum pulse energy measured using a power meter at the entrance of the vacuum
chamber. This immediately tells us that we need to operate with pulse energies below
~150 uJ to avoid saturating the spectra in benzene. As mentioned in section 5.3.1,
this value is focus dependent though and as a result, it is difficult to determine.
It is also inaccurate as phasematching conditions and imperfections in the mode
quality are not accounted for. In the linear region of the plot the cut—off intensity
dependence can be investigated by using the cut—oft law E., = I, 4+ 3.17U, where
U, < IX\?. Using the classical cut—off law allows us to approximate the relationship
between the angle of the polariser and the intensity of the laser field. The following
equation is particularly suited to approximating the intensity which corresponds to

the ponderomotive energy at the cut—off:

UyeV] ~ 9 x 1071 1)\? (6.1)

where [ is in units of W/cm? and A is in microns. For example we can estimate the
saturation intensity in Figure 6.8 to be 1.3 x 10' W /cm? since the spectrum saturates
at 38 eV and the wavelength is 1.7 pym. This is two orders of magnitude larger than
the expected value of 2.9 x 10'® W /ecm? which highlights the difficulties inherent to
making a measurement of the saturation intensity. The intensity dependence of the
harmonic spectra of benzene and fluorobenzene was investigated as shown in Figures
6.9 and 6.10. For this data the pulse energy was 380 uJ.

249



70 | | 1 | | !
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
energy(mW) * power_fraction

Figure 6.9: Intensity dependence of the cut—off position in the HHG spectrum from benzene.
The black line represents the predicted cut—off position from the classical cut—off law. For
this data set a sequence of 10 images were recorded with a 1 s exposure time.
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Figure 6.10: Intensity dependence of the cut—off position in the HHG spectrum from flu-
orobenzene. The black line represents the predicted cut—off position from the classical
cut—off law. For this data set a sequence of 10 images were recorded with a 1 s exposure
time.

Intensity scans were also performed on benzene, fluorobenzene and the methylayed
benzenes. Intensity scan sets of 20 images, each of 1 s exposure were taken at each
intensity for the aforementioned molecules. The maximum beam energy was 420 puJ
per pulse which corresponds to a power fraction of 1. Each molecule had a backing
pressure in the range 0.48 — 0.52 bar. In Figure 6.11, the logarithm of the spectra
is plotted as a false colour image as a function of intensity. An approximately linear
extension of the cut—off is seen at low intensities before becoming saturated. Due

to the plots being shown on a log scale, only changes in relative high harmonic
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amplitudes are seen. It may appear that the signal is higher for lower power fractions
for m-xylene, p-xylene and toluene, however this is a false interpretation of the data.
Since the spectra are already well above the saturation limit, the amplitudes of any

harmonics > 35 eV decrease as a consequence of the normalisation done on the data.
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Figure 6.11: Intensity scans recorded in benzene, deuterated benzene, toluene, fluoroben-
zene and m and p—xylene. These plots indicate the power fraction of the maximum beam
energy, 420 pJ per pulse, that will lead to saturation of the HHG spectra. The pulse dura-
tion for these scans was 44 fs and the data was acquired as a sequence of 10 images with a
1 s exposure time for each molecule.

There is also an evident cut—off shift as a function of iris diameter plotted in Figure

6.12 for toluene. The backing pressure in this case was 0.30 bar and the maximum
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15 images at 1 s exposure, shaded region = +/- 1 std dev., 0.33 bar, 0.59 W before iris
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Figure 6.12: Normalized HHG spectra from toluene as a function of varying iris diameter.
A shift in the cut—off position of the spectra is clearly evident with increasing iris diameter.

beam energy was 420 pJ per pulse. The peak intensity at the focus was 1.0 x 104
W /cm?.

As the iris diameter, and hence the input beam power, is increased the cut—off visibly
shifts until it is saturated at the last two iris diameters. This method was just
trialled without the half wave plate and polariser combination. Adjustments of the
iris diameter are not precise enough to be reproducible as they are done by hand. Once
the iris is set it cannot be touched which means it cannot be rechecked later. It was
decided that the wave plate and polariser are the best means of adjusting the input
beam power. The effect of these optics on the pulse duration of the idler does need to
be investigated though. It was later found that the thin film polarizers we have been
using degrade within seconds when in the blocking position. Once degraded, their
extinction drops significantly. This implies that the intensity scans we took before
are probably incorrectly calibrated, since cos?() behaviour was assumed. However
for the data in Figure 6.11 which was recorded using the wave-plate and polariser
combination the cut-off is ~ 37 eV for each of the molecules. For the case where

the iris is used to adjust the input beam energy, as shown in Figure 6.12, the cut-off
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for the case of the iris being fully open, which implies the maximum beam energy
is used, the cut-off position is ~ 35 eV. Since there is only a minor difference in the
cut-off positions for the spectra using both beam energy adjustment methods we can
infer that the calibration is not drastically affected by the degradation of the thin film
polarizers. A variable ND filter or possibly a motorised iris could be implemented as

alternatives.

6.3.1 Halogenated benzenes 2015

The main focus of this subsection is the comparison of fluorobenzene to benzene at
the same backing pressure which implies the density of molecules in the interaction
region is comparable. As shown in Figure 6.13 it is evident that the average signal

level from fluorobenzene is ~ a factor of three less than that of benzene.
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Figure 6.13: Comparison of high harmonic spectra taken in benzene and fluorobenzene
under identical conditions (0.3 bar backing pressure - comparable densities in the interac-
tion region - and 490 uJ per pulse beam energy). The line width indicates minimum and
maximum harmonic amplitudes observed. For each data set a sequence of 50 images was
recorded with a 1 s exposure time.

This result is further substantiated by comparing the unnormalised spectra from
fluorobenzene and benzene acquired on the same day as shown in Figure 6.14 and

6.15 respectively.
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Figure 6.14: Unnormalised HHG spectra from fluorobenzene for three data runs. For each
run the data was acquired as a sequence of 50 images with a 1 s exposure time. The beam
energy was 490 pJ per pulse and the pulse duration was 56 fs.
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Figure 6.15: Unnormalised HHG spectra from benzene for two data runs.
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These results confirm what we see in Figure 6.13. The unnormalised harmonic inten-
sity counts for benzene reach ~ 700 at a maximum whereas they reach a maximum
count level of 90 for the fluorobenzene spectra. Both sets of data were acquired under
near identical conditions; each with 0.5 bar backing pressure and ~ 480uJ per pulse
beam energy. The sets of spectra were acquired within an hour of each other on this
particular day.

Figures 6.16 and 6.17 further confirm this anomaly of signal levels between benzene
and fluorobenzene. For both data sets, the pulse duration was measured to be 56
fs. The average peak intensity at the focus was =~ 7.6 x 10" W/cm? The data was

acquired as a sequence of 10 images with a 1 s exposure time.
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Figure 6.16: Unnormalised HHG spectra recorded in benzene at a backing pressure of 0.48
bar. The signal level minimum is ~ 1 x 10 counts.
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Figure 6.17: Unnormalised HHG spectra recorded from fluorobenzene. The minimum signal
level is ~ 200 counts and the maximum signal level is just above 900 counts.

Shown in Figure 6.18 are spectra recorded in benzene and the three halogenated
benzene molecules we are studying. The beam energy for this data set was consistently
440 pJ per pulse and the iris diameter was set to 5.5 mm. Due to the irising of the
beam and the lowering and raising of the gas—jet to search for self similarity between
the spectra, the signal was low enough such that the laser—on—gas—off background
was significant. Due to this, backgrounds with the gas turned off were taken after
each measurement. It was noticed that the background appeared to change and was
dependent on the positioning of the gas—jet. Background measurements were not
taken for each gas—jet height as this would have been very time consuming. To
circumvent this issue in future, a background was taken by closing the iris before
the vacuum chamber entrance for each of the different jet positions and/or backing
pressures. Backing pressures differ for this data set due to uncertainties in getting
the necessary relationship between bath temperature and backing pressure as this was
the first run where the three halogenated benzene molecules were on the apparatus
together. Since adjusting the temperature was time consuming, the pressure range
accuracy was relaxed. Instead, for each molecule the gas—jet was moved up and down
and the self similarity of the spectrum was monitored. In general it was never perfectly
self similar but for low gas—jet positions it was quite close — within 5% change in
normalised spectral intensity. The spectra shown in Figure 6.18 were acquired at

some compromise between the signal intensity and self similarity of the spectra. The

257



average peak intensity at the focus was 7.5 x 10 W /cm?.
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Figure 6.18: Area normalised HHG spectra recorded in benzene and the halogenated ben-
zenes. For each data set a sequence of 10 images was recorded with a 1 s exposure time.
This data may be affected by the change in the background taken which is dependent upon
the vertical position of the gas-jet that was changed to ensure similarity in the shapes of
the spectra for each molecule.
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6.4 2015 PACER data

The PACER data was also retaken in this experimental run to determine if the evo-
lution of the ratios between deuterated benzene and protonated benzene is repro-
ducible. As previously discussed, discrepancies in the backing pressure between the
two molecules or instabilities in the laser beam can both contribute to markedly differ-
ent generating conditions for both molecules even if the data acquisitions are closely
spaced in time.

Figure 6.19 shows three sets of spectra recorded in deuterated benzene on one par-
ticular day. The laser beam energy was 480 uJ per pulse and the backing pressure
was 0.54 bar in all cases. The peak intensity at the focus was 8.5 x10® W/cm?.
The spectra are area normalised. There is excellent reproducibility in the shapes of

the spectra. The actions taken to improve the laser stability have been discussed in

chapter 5.
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Figure 6.19: Area normalised HHG spectra from deuterated benzene. Three spectra are

displayed on this plot. The data was acquired as a sequence of 50 images with a 1 s exposure
time. The pulse duration was 50 fs.
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The improved stability of the experiment as a whole is reflected in the pressure scan
performed in deuterated benzene as shown in Figure 6.20. The peak intensity at the
focus was 6.1 x10'® W/cm?. The pressure is varied from 0.58 to 0.1 bar and the
shape of the spectrum is consistent. Features such as the dip in the spectrum at ~ 27

eV is present in all of the spectra which is indicative of near identical phase matching

conditions.
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Figure 6.20: Pressure scan recorded from deuterated benzene. For this data set the pulse

duration was 56 fs, the energy per pulse was 380 uJ and the data was acquired as a sequence
of 15 images with a 1 s exposure time for each pressure displayed in the legend.
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In Figure 6.21, normalised spectra of benzene and deuterated benzene are plotted.
The peak intensity at the focus was 6.9 x10'® W /cm?. As was observed with the data
recorded in 2013, we still see that there is very little difference between the spectra
of the two molecules. Note that the blue benzene trace has a higher cut—off position

which is consistent with the fact that the power was higher for this measurement.
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Figure 6.21: Comparison of HHG spectra in benzene and deuterated benzene under similar
generating conditions. The blue trace was recorded with a higher input beam energy which
is reflected in its higher energy cut—off position. The data was acquired as series of 20
images with a 1 s exposure time. The pulse duration was 44 fs.
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The ratio of deuterated benzene to benzene to plotted in Figure 6.22. Note that the
vertical axis has been constrained to ratio values between 0.93 and 1 to emphasise
the < 10% change in the ratio which is insignificant. Within the error bars it is
conclusive that there is no change in harmonic signal level between the deuterated
and protonated benzenes. The data plotted is averaged over 3 sets of data acquired

at different times on the same day.
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Figure 6.22: Ratio of deuterated benzene to benzene
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6.5 Methylated benzene molecules

We have also successfully performed HHG on the family of methylated benzene
molecules. These include the mono—substituted toluene and the di—substituted
structural isomers of xylene. We initially did not work with ortho—xylene as it
was known to contain impurities (2013 data). It was later discovered through cor-
respondence with Sigma Aldrich Ltd. that these impurities largely consist of water
and since we must heat the sample in excess of 100°C this will not be a potential
contributor to the HHG spectrum recorded from ortho—xylene as the water impurity
will have evaporated at the elevated temperatures required to generate ~> 0.3 bar of
ortho—xylene. We begin by analysing the spectra from benzene and toluene, which
is mono—substituted with a methyl group. Figure 6.23 below is a pressure scan in
toluene illustrating that the shape of the spectrum is similar at the different pressures.
The peak intensity at the focus was 6.2 x10'3 W /cm?.
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Figure 6.23: Pressure scan recorded from toluene. The backing pressure was varied from
0.45 — 0.2 bar. The beam power was 390 mW, the pulse duration was 56 fs and the iris
diameter before the chamber was 10 mm. This data was acquired as as sequence of 10
images with a 1 s exposure time.
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A comparison of the spectral intensities was made between benzene and toluene. Fig-
ure 6.24 shows four benzene spectra and one toluene spectrum, all normalised, which
clearly illustrates that the signal at higher photon energies is stronger in benzene
than in toluene. In all cases the beam energy was 470 pJ per pulse and the backing

pressure was 0.21 bar for both species. The peak intensity at the focus was 8.4 x10'3
W/cm?.

1's exposure, shaded region = +/- 1 std dev., 0.21 bar, 8 mm iris, 0.47 W into chamber

—— 152853 toluene
—— 161405 toluene
—— 163407 benzene
—— 163517 benzene
— 163607 benzene
— 163651 benzene

o
®

o
3

o
)

o
i

normalized intensity
o
o

o
w

o
N

e
o

| | | | | |
14 18 20 22 24 26 28 30 32 34
Energy (eV)

Figure 6.24: Comparison of HHG spectra recorded in benzene and toluene which illustrates
the lower intensity of the cut—off harmonics in toluene compared to benzene using similar
backing pressures and laser parameters.
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The average ratio of toluene to benzene for twelve pairs of spectra are shown in Figure
6.25. The peak intensity at the focus was 9.4 x10® W/cm?.
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Figure 6.25: Ratio of toluene to benzene. Spectra were normalised to the fourth peak visible
on the MCP image. The data is averaged over the twelve pairs of benzene—toluene spectra
to compute the error bars. The pulse duration was 34.8 fs and the data was acquired as a
sequence of 50 images with a 1 s exposure time.

The ratios of toluene to benzene have also been recorded as a function of power
fraction as shown in Figure 6.26. The maximum energy was 410 pJ per pulse and the

backing pressure was 0.48 bar for both molecules.
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Figure 6.26: Ratios of toluene to benzene harmonics as a function of input beam power.
The general trend of the ratio decrease is similar to that in Figure 6.24 which is a further
indicator of the improved stability of the apparatus to generate more consistently repro-
ducible spectra. For each power the data was acquired as a series of 20 images with a 1 s
exposure time.

Spectra from all three of the xylene isomers were also recorded during this run.
In Figures, 6.27, 6.28 and 6.29 spectra from the three xylene isomers are plotted,
normalised to the intensity of the harmonic at ~ 17 eV which is the most intense for
all spectra. The purpose of this panel of spectra is to inspect the subtle differences
in the shapes of the spectra for the three xylene isomers. For o—xylene, there is
a clear sharp decrease for the lower harmonic orders before there is a well defined
plateau from ~ 25 — 30 eV and then a decline preceding the cut—off. For p—xylene
there are a few intricate details such as reduction in signal for the harmonic at =~ 25
eV. M—xylene has a somewhat similar shape to o—xylene but has a less pronounced

plateau region.
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Figure 6.27: HHG spectra recorded in the para-xylene isomer to allow for a comparison of
the differing shapes of the spectra between isomers. The data was acquired as a sequence
of 50 images with a 1 s exposure time. The pulse duration was 34.8 fs and the backing
pressure was 0.52 bar.
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Figure 6.28: HHG spectra recorded in the ortho-xylene isomer to allow for a comparison of

the differing shapes of the spectra between isomers. The data was acquired as a sequence
of 50 images with a 1 s exposure time. The pulse duration was 34.8 fs.
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Figure 6.29: HHG spectra recorded in the meta-xylene isomer to allow for a comparison of
the differing shapes of the spectra between isomers. The data was acquired as a sequence
of 50 images with a 1 s exposure time. The pulse duration was 34.8 fs and the backing
pressure was 0.50 bar.

In Figure 6.30 we show the ratios of p—xylene to m—xylene and the ratios of o—xylene
to m—xylene. For each molecule, sets of 50 images, each of one second exposure,
were taken at several times during the data collection day. Four sets of spectra were

recorded for p—xylene and m—xylene and three sets were recorded for o—xylene.
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Figure 6.30: Ratios of p—xylene and o—xylene to m—xylene. The data is averaged over

four data sets for each ratio shown. The beam energy was 440 pJ per pulse. The data was
acquired as a sequence of 20 images witha 1 s exposure time.
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The combined signal for all combinations of runs is shown in Figure 6.31. The error
is taken from the spread of the data at each harmonic order as opposed to taking the
individual errors into account as these are a lot smaller than the spread that is seen
from run to run. These ratios are normalised to the second harmonic on the screen.
This is the maximum intensity harmonic order for each data set as the first harmonic
visible is on the edge of the MCP. The ratios plotted only represent the shape of the
ratio with photon energy, not the absolute value. The effect of taking the absolute
value of a number is to strip away the minus sign if the number is negative and to
leave the number unchanged if it is non-negative. The ratios plotted in Figure 6.31
takes negative values into account thus just representing the shape of the ratio as a

function of photon energy.

1 T T T 3
—toluene/benzene
091 —para-xylene/benzene |
0.8 —meta-xylene/benzene | |
—ortho-xylene/benzene
0.7
[
2
506—
b4
05-
0.4
03-
0.2l

| |
16 17 18 19 20 21 22 23 24 25 26
Energy (eV)

Figure 6.31: Ratios of toluene, m—xylene p—xylene and o—xylene to benzene. The data is
averaged over four data sets for each ratio shown. The beam energy was 440 uJ per pulse.
The data was acquired as a sequence of 20 images with a 1 s exposure time.
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Shown in Figure 6.32 are the unnormalised harmonic spectra of benzene, o—xylene
and m—xylene. It is clear that o—xylene is very similar to benzene whereas m—xylene
has a lower signal magnitude at higher harmonic orders. The peak intensity at the
focus was 1.2 x10 W/cm?.
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Figure 6.32: Unnormalised HHG spectra from benzene, o—xylene and p—xylene plotted to
facilitate a comparison of the shapes of the spectra between molecules. The beam energy
was 620 pJ per pulse, pulse duration was 45.6 fs and the backing pressure was ~ 0.30 bar
for each molecule. The data was acquired as a sequence of 10 images with a 1 s exposure
time.
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In order to elucidate the effect of the methyl substitutions on the benzene ring, ratios
of the methyl substituted benzenes to benzene were also taken as shown in Figure
6.33. The backing pressure for the five molecules was ~ 0.30 bar and the beam energy
per pulse was 620 pJ. The spectra are area normalised. Using benzene as a reference
molecule, we see that the slowest to fastest ratio decrease goes from o—xylene, toluene,
p—xylene and finally m—xylene in the cut—off region of the spectrum. In contrast to

the data shown in Figure 6.31, the absolute values of the ratios are plotted.
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Figure 6.33: Ratios of methylated benzene molecules to the reference benzene.
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6.6 Molecular SFA calculations

Strong Field Approximation (SFA) calculations have also been performed by Dr. Ri-
cardo Torres and myself on the molecules of interest to this thesis. The methodology
behind these calculations has been presented in section 1.8. The molecular orbital
coefficients are calculated using a 3-21G basis set in the GAUSSIAN computational

chemistry package.

An SFA code has been developed to investigate the effects of the contribution of the
HOMO-1 orbital to the harmonic spectra of the halogenated and methylated ben-
zenes. The HHG spectra are averaged over all possible orientations of the molecules
in an isotropic distribution. For these calculations we have used the following param-
eters - a drive wavelength of 1700 nm, a pulse duration of 30 fs and a laser intensity
of 5x 10 W/cm?. Only short trajectories are taken into account to reflect the phase

matching conditions we have in the experiments performed.
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Figure 6.34: SFA simulation results of the harmonic intensity as a function of the rela-
tive phase between HOMO and HOMO-1, for different molecules (a) fluorobenzene, (b)
chlorobenzene, (c) toluene, (d) m-xylene. I =5 x 10 W /ecm?, X\ = 1700 nm, cos? pulse of
7 = 30 fs, short trajectories only.

Figures 6.34 and 6.35 show the harmonic intensity as a function of the relative phase
between the HOMO and HOMO-1. A higher contrast on the colourmaps for differ-
ent relative phases is obtained when the energy difference between the HOMO and
HOMO-1 is smaller. For instance, iodobenzene shows the highest harmonic intensity
but has the weakest dependence on the relative phase which is what is expected as
the energy difference between the HOMO and HOMO-1 is 0.81 eV. In the case of the
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= 30 fs, short trajectories only.

colourmap for benzene the relative phase between the two degenerate HOMO orbitals
cannot be fixed and is thus the harmonic intensity spectra of benzene are averaged
over the relative phase of the orbitals which is equivalent to incoherently adding the

contributions from each degenerate orbital.
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Figure 6.36: SFA simulation results of the harmonic spectra for different molecules and
relative phases between HOMO and HOMO-1, compared with benzene. I = 5 x 10'3
W /ecm?, A = 1700 nm, cos? pulse of 7 = 30 fs, short trajectories only.

Shown in Figures 6.36 and 6.37 are comparisons of benzene with the other aromatic
molecules as a function of four values of the relative phase between the HOMO and
HOMO-1. We can see for both fluorobenzene and chlorobenzene that a phase dif-
ference of 270° produces a spectrum which is much weaker than that of benzene, in
bromobenzene the spectrum with 270° phase difference is only slightly weaker; in
iodobenzene all the phases give a stronger harmonic signal than benzene; in toluene
and meta-xylene the weakest spectrum is obtained again with 270°, and para-xylene

yields the weakest spectrum when the phase is 0°.

In terms of comparing these results to what we observe experimentally, there is little

to no agreement between the experiment and calculations. Comparing the spectra of
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Figure 6.37: SFA simulation results of the harmonic spectra for different molecules and
relative phases between HOMO and HOMO-1, compared with benzene. I = 5 x 10'3
W /cm?, A = 1700 nm, cos? pulse of 7 = 30 fs, short trajectories only.

chlorobenzene and bromobenzene at ¢y = 90° with the spectrum of benzene, we see
a behaviour which is the exact opposite of what we observe in the experimental data
in Figure 6.18, that is, the signal for the halogenated benzenes is less intense than
benzene for low harmonic orders (< 20 ¢V) and more intense for higher harmonic or-
ders (> 20 eV approximately). One notable result is the signal level for fluorobenzene
at o = 270° which is suppressed in comparison to that of benzene and is consistent

with what we have observed in the experiments.
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The SFA code used for these calculations has some significant drawbacks which in-
clude the use of a basis set which is not particularly accurate for heavy atoms such as
bromine and iodine, the lack of ground state depletion and propagation effects and no
inclusion of exchange correlations. However it does demonstrate the dependence of
the harmonic spectra to the relative phase between the HOMO and HOMO-1 which

is very sensitive to the energy gap between these participating orbitals.
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Chapter 7

Discussion of results

7.1 Discussion of halogenated benzenes data

The importance of the stability of the laser and the vapour generation was high-
lighted by the data comparing benzene and fluorobenzene from 2013 and 2015. The
data from 2013 (Figure 5.4) would lead one to believe that fluorobenzene exhibited
an enhancement at higher harmonic orders. In contrast the 2015 data repeatedly
showed that the harmonic signal from fluorobenzene was suppressed across the whole
recorded spectrum. The suppressed harmonic intensity could be explained in terms of
the slower change in the nuclear autocorrelation function in halo-substituted species.
The evidence of additional temporal modulation in fluorobenzene may indicate an ad-
ditional interference from the HOMO/HOMO-1 that have a 0.6 eV separation as can

be seen from the photoelectron spectroscopy (PES) spectrum for this molecule [49].

The relative intensities of the cut—off harmonics for the halogenated species is con-
sistent with what one would deduce from looking at the polarizabilities of the sub-
stitutions. In both Figure 5.3 from 2013 and Figure 6.18 from the 2015 data, the
more polarizable species have higher cut—off harmonic intensities. The polarizabil-
ity generally increases down the columns on the periodic table This is consistent
with bromobenzene exhibiting the highest cut—off harmonic intensities followed by
chlorobenzene and lastly fluorobenzene. Since iodobenzene were not recorded in the

2015 data set there is one final piece of evidence for this argument missing.

The stability of the laser has proven to be a significant contributor to the repro-
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ducibility and quality of the data recorded. The stability monitors installed at the
exit of the 800 nm laser and the output of the hollow core fibre, in conjunction with
the box placed over the compressor in the 800 nm laser, have impacted upon the
reliability of the PACER data. The data recorded in 2013 in which an increase in
harmonic signal in the ratio between deuterated and protonated benzene has proven
to be a false result. This was reinforced by monitoring the stability of the harmonic

spatial mode as shown in Figures 5.9 and 5.10.

What is striking is the significantly lower signal levels in fluorobenzene across the
whole spectrum compared with the other molecules. This is examined further by
comparing raw spectra from benzene and fluorobenzene as shown in Figure 6.13.
This strong suppression at otherwise identical conditions is unique to fluorobenzene
amongst the molecules studied, and is not observed in methyl—substituted benzenes
like toluene and xylene. As the suppression is consistent across all harmonic orders,
and does not show a dynamical effect, it is inconsistent with nuclear dynamics. As
defined in [59] and [56] minima in HHG spectra can not only arise from molecu-
lar structure but also from the motion of the hole. The creation of a multielectron
wavepacket is visualized as the motion of a hole after the ionization process. The
motion of the hole is manifested as a time dependent interference between the con-
tributions from the different HHG channels associated with the different populated

ionic states.

This can be verified by measuring how much the recombination time varies in the
energy range of interest (18-28 eV in this case) which can be done via changing the
wavelength of the drive laser. It is however suggestive of interference from multi-
ple electronic states, and could be related to structural differences in the electronic
states. Other factors that can contribute to the observed suppression also include
the polarizability of the molecule where fluorobenzene may be less polarizable than
benzene or the other molecules under study. Calculations on the nuclear autocorre-
lation function for benzene and fluorobenzene are currently under improvement by
Patchkovskii et.al [179] to determine if the phase of the nuclear wavepacket has sig-

natures of dynamics associated with multi-orbital HHG present.
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7.2 PACER

Nuclear dynamics in benzene were studied by comparing the harmonic spectra from
benzene and deuterated benzene taken under similar conditions. As discussed in
section 3.3, this experiment would enable us to deduce the origin of the electron
wavepacket from the molecule; if it is from the pi or sigma orbitals of the molecule.
Using the 1750 nm drive wavelength enables us to track nuclear dynamics up to 4
fs post ionization. As observed in the case of the PACER experiment on methane
and deuterated methane where there is no ambiguity to the origin of the electron
wavepacket. Since it is also a C-H system a change in the ratio of deuterated methane
to methane was observed in the time window available. Thus we would expect to
see a change in the ration between deuterated benzene and benzene if the electron
originated from the sigma orbital of the molecule. However, from the experiments
performed in both the 2013 and 2015 data runs, we see no change in the ratio be-
tween the two molecules. This is indicative that the origin of the electron wavepacket
is from the C-C pi system since no change in the ratio has been observed over 4 fs
and that the C-C bond vibrational period is longer than this at 35 fs.

This result is substantiated by the checks done on the stability of the harmonic spatial
mode as discussed in chapter 5. The baratron used to monitor the backing pressure to
the gas-jet was also configured to make live recordings of the pressure whilst the data
was being taken. Along with the harmonic spatial mode check, the backing pressure
monitoring and testing the reproducibility of the spectra, we have confidence that
the results obtained are displaying a physical effect and that fluctuations in the laser

beam profile and pulse energy or density of the jet are not affecting the data.

The main result shown in Figure 6.22 is the ratio of deuterated benzene to benzene
averaged over four independent data runs. Within the error bars we can conculde
that the ratio between the two molecules does not change. This result is a milestone
in field of HHG spectroscopy as it has now been extended to larger multielectron

systems using a longer drive wavelength.
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7.3 Methylated benzenes

Electron coupled nuclear dynamics were investigated using benzene as a reference
molecule and taking the ratios of the methyl substituted benzenes to benzene. For
the 2013 data shown in Figure 6.7, the slowest ratio change relative to benzene is
from p-xylene followed by toluene and then m-xylene. As a preliminary result this

verified that the dynamics were faster in toluene than in benzene.

Using benzene as a reference molecule, we see that the slowest to fastest ratio decrease
goes from o—xylene, toluene, p—xylene and finally m—xylene in the cut—off region
of the spectrum. From the electron dynamics point of view, taking into account ion-
ization from the HOMO/HOMO-—1 predicts faster dynamics in para-xylene than in
toluene and therefore larger "damping” of the higher order harmonics intensity which

is what we see in Figure 6.33.

The electron dynamics in ortho—xylene and meta—xylene should be similar to the
toluene case according to the preliminary calculations of Vacher et.al [126]. It matches
for ortho—xylene but not for meta—xylene but more accurate calculations are being
performed. It is encouraging that we do see some reproducibility in the data between
the 2013 and 2015 experimental campaigns. In both cases, the m—xylene to benzene
ratio decreases the fastest of all the molecules ratios. In the cut-off region of the
spectrum we have an agreement between the theory and the experiment that the
coupled electronic and nuclear dynamics are faster in p-xylene than in toluene.

There are a number of shortcomings to the methodology behind the theoretical cal-

culations which shall be briefly addressed here:

e The use of the sudden approximation is incompatible with tunnel ionization

that is associated with HHG spectroscopy.

e The energy gaps used in the calculations for toluene and p-xylene are calculated
theoretically using a CASSCF method starting with a 6-31G* basis set. These
gaps are different to what is observed experimentally from photoelectron spectra
for these molecules. The incorporation of the experimental energy gaps would

be a stepping stone towards modelling more experimentally relevant situations.
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e The Ehrenfest method does not include electronic decoherence - both populated
electronic eigenstates share the same nuclear geometry as a consequence of the
ansatz for the total wavefunction including electronic and nuclear dynamics.

This can lead to non physical results on the > 1 fs timescale.

e A classical approach for modelling the nuclear dynamics is also inadequate. It
does not account for more significant dynamical effects which can occur when
nuclei move in different directions on a potential energy surface. Currently
the nuclear dynamics follows a single trajectory - what would be more suitable
would be using a wavepacket representation of the nuclear motion which can

incorporate these inevitable motions of the nuclei.
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7.4 Linking photoelectron spectroscopy to high har-

monic generation spectroscopy

Theoretical and experimental work by Kraus et.al [180] has established a link between
photoelectron spectroscopy and high harmonic generation spectroscopy. This work
shows how the nuclear autocorrelation function can be determined from knowing the
vibrational energy level structure of the cation and the Franck-Condon factors. These
quantities can be calculated by determining the Born-Oppenheimer potential energy
surfaces for the neutral and ionic species, as was done by Lein et.al [127] for probing
the vibrational dynamics in Hy and Dy and was fitted to the PACER data presented
by Baker et.al [7]. However, accurate calculations to allow us to extract these quan-
tities are quite challenging for polyatomic molecules. The information required can,
however, be extracted from experimental photoelectron spectra as has been done for
the ammonia cation [180]. This approach involves taking the inverse Fourier trans-
form of the photoelectron band which corresponds to ionization from the vibrational
ground state of the neutral to the electronic ground state of the cation, which is mul-

tiplied by the strong field ionization amplitude.

The width of the spectral envelope of the photoelectron band of the electronic ground
state determines the energy bandwidth of the nuclear wavepacket that is launched and
can thus be used to measure its early temporal evolution. Certainly, this method cir-
cumvents the complications inherent to calculating the Franck-Condon factors and the
Born-Oppenheimer potential energy surfaces, which is particularly difficult for larger
polyatomic molecules such as benzene where phenomena such as the Jahn-Teller effect
need to be accounted for. In a crude estimation of the attosecond nuclear dynamics
in fluorobenzene we have attempted to extract the width of the photoelectron band
for the electronic ground states of benzene and fluorobenzene. The PES were taken

from [49] and the data was extracted using the DataTheif software program.

As shown in Figure 7.1, the data is plotted with the area under the curves normalised
to facilitate a better visual comparison. The flurobenzene ground state photoelectron
band is wider by inspection which implies that the motion on the ring will be faster

compared to benzene despite it having a greater weight in the F atom as opposed to
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Figure 7.1: Estimation of widths of ground state photoelectron bands for benzene and
fluoroebenzene. Data is extracted from [49].
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7.5 Future work: improvements to intensity scan
method

The implementation of the half-wave plate and polariser combination for performing
intensity scans was found to be impractical for our purpose. After all the data that
is presented in this thesis was recorded it was found that after some time with the
half-wave plate and polarizer in the beam path it was not possible to see the shift of
the cut-off as a function of increasing beam power anymore. This was in contrast to
data that was recorded using this set-up in which the cut-off shift was clearly visible.
It was decided to use the iris before the entrance to the chamber as an attenuator
instead. Of course, this was trialled manually in this thesis but it was decided to
design an iris mount that could be used to adjust the iris diameter via a computer

program. The new set-up is shown in Figure 7.2 below.

Beam propagation -
into vacuum
chamber

Figure 7.2: Iris scan intensity adjustment set-up

A bracket was attached to a rotation stage which is used to control the dial for setting
the iris diameter. This is more beneficial than using the half-wave plate and polarizer
combination as there are no losses of beam energy from reflections off the optical
surfaces and the size of the focal spot size gets bigger as the intensity is decreased.
Careful calibration of the focus size and iris diameter is required. The set-up is cali-

brated such that a relationship can be found between the angle of the rotation stage
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and the iris diameter. For example, setting the stage to 45° was found to correspond

to the case where the iris is shut and an angle of 315° means the iris is fully open.

An example of an iris scan performed on toluene is shown in Figure 7.3. The shift in
cut-off position with increasing harmonic photon is clear. This method is still being
optimised at the time of writing this thesis. This method removes the possibility of
the half-wave and polarizer introducing distortions the beam profile which make the

determination of the saturation intensity more difficult.
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Figure 7.3: Intensity scan in toluene showing clear cut-off shift using new iris adjustment
method
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7.6 Conclusions and outlook

A number of milestones have been arrived at in the development of this project and
shall be listed here as a summary of the highlights of this thesis and the impact they
have upon future work in the field of HHG spectroscopy and indeed other ultrafast

molecular imaging techniques:

An apparatus has been designed and developed from scratch inhouse to produce a
stable vapour from a range of molecules existing in the liquid phase at room tem-
perature. The apparatus is centred around using a thin (200um) diameter nozzle to
minimise phasematching effects such that the recorded HHG spectra are resemblant

of the single molecule response as much as possible.

HHG spectra have been acquired in low I, (<10 eV) organic molecules using the ~ 35
fs, 1735 nm OP-CPA laser source which has extended the time window for observing

dynamics up to 4 fs using short trajectory emission.

HHG spectra have been successfully and reproducibly acquired in benzene, methy-
lated benzenes and halogenated benzenes demonstrating a capability of this apparatus
which has not been previously inherent to other vapour generation methods - the abil-
ity to switch reliably between up to 8 different samples quickly and non-invasive of the
apparatus. This is a necessary requirement for experiments involving the comparison

of spectra under similar generating conditions.

The PACER experiment has yielded two milestone results. Firstly, obtaining a re-
producible ratio of 1 for the comparison of the deuterated to protonated benzene is
indicative that the ionization of benzene must originate from the C-C system; if it
were to arise from the C-H bonds then we would anticipate some nuclear dynam-
ics to have manifested in the 4 fs observation time window. Secondly, we have also
demonstrated by achieving a ratio of 1 that, since the electronic structure is similar
in both molecules, that the IR field is not perturbing the dynamics to a detrimental
degree. This implies that the IR field is not introducing significant Stark shifts to the

electronic states of the molecule.
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Although it is not a fundamental result, the demonstration of impulsive alignment
in benzene using the continuous flow gas jet and an 800 nm alignment and 800 nm
generation interferometer proves the versatility of the design of the apparatus. The
ability to obtain reproducible spectra in a range of molecules without having to stop
the system to change samples which are installed in the vacuum chamber along with
the demonstration of pressure tunability, impulsive alignment capability and com-
patibility with the components of the vacuum system has not ever been previously

demonstrated in one independent apparatus design.

The ratios of the methylated benzene to benzene obtained experimentally compare
very well with the coupled electronic-nuclear dynamics calculated by our collabora-
tors in the Theoretical Chemistry group at Imperial College. Improvements to the
calculations are under-way, including a quantum mechanical description of the nu-
clear motion. Again, bearing in mind that the calculations do not account for the
presence of the IR laser field which ionizes the sample, the good agreement between
the theory and experiment further substantiates our claim that the IR field does not

perturb the dynamics in the molecules to a great extent.

As demonstrated for the result of the simple molecular SFA calculations and the es-
timate of the width of the photoelectron bands for benzene and fluorobenzene, two
things are clear. First of all, both simple calculations show that dynamical inter-
ferences are observable in the HHG photon energy range measured experimentally.
Secondly, it is also important to note that it is not just full calculations that can give

us an insight into electronic and nuclear dynamics.

The data from the halogenated benzenes has primarily produced the interesting result
of the significantly suppressed harmonic signal in fluorobenzene compared to benzene,
and indeed the other molecules in this study. The consistent presence of this effect in
fluorobenzene independent of backing pressure and to a lesser extent laser intensity
at the focus imply that fluorobenzene is exhibiting a structural or dynamical suppres-
sion. More precise intensity scans will support the claim that this signal is due to
contributions from a lower lying orbital. Scans of the drive wavelength would indicate
if it is a dynamical effect. This result will no doubt encourage theorists to investigate

the nature of this suppression.
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This PhD has resulted in important developments for the field of ultrafast science with
an emphasis on attosecond chemistry. Not only has this work contributed to high har-
monic generation spectroscopy experiments on organic molecules but has produced
a versatile apparatus with cross compatibility to other experiments in mind. For
example, X-ray initiated HHG (XiHHG) [181] and attosecond transient absorption
(ATA) [182] experiments are being pioneered in our laboratory also using continuous

flow gas-jets.

The integration of the experimental technology, and even knowledge on handling
organic vapours in a vacuum system, can be readily applied to these new technolo-
gies in our laboratory. HHG spectroscopy has the limitation of only being able to
probe dynamics arising from the ionization of the outer valence electron of a target
molecule. XiHHG enables us to probe lower lying electronic states with negligible
distortion to the electronic structure of the molecule as the probe field is weaker in

comparison to single colour HHG spectroscopy which has been the focus of this thesis.

Due to saturation of the harmonic spectra of bromobenzene and chlorobenzene we
were unable to reach the cut-off photon energies required to observe Cooper minima
in these molecules HHG spectra - a problem that could be circumvented by XiHHG.
Single photon XUV ionization is also more compatible with the sudden approximation
which is a foundation for many theoretical calculations; for example those presented in
this thesis on coupled electron-nuclear dynamics. Indeed, theoretical studies focusing
on hole migration in benzene which would be observable in an XUV-pump, IR-probe
scheme have recently been published [183]. The advancements of high harmonic
spectroscopy, especially the experiments performed by Worner et.al on following a
chemical reaction using high harmonic interferometry [184] can be used in conjunc-
tion with the technology developed in this thesis to track chemical reactions in more
complex molecules. The fusion of these two capabilities will facilitate core electron
ionization in the substituted benzenes which will invariably advance attochemistry
towards more insightful experiments on the electronic and nuclear dynamics in bio-

logically relevant and topical molecules [121].
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Appendix A: Physical properties of

the molecules studied

Table 7.1: Ionization potentials for substituted benzenes (in units of eV)

Molecule HOMO HOMO-1 HOMO-2
B [49] Experimental — 9.24 11.53 12.38
enzene Theoretical ~ 9.03 13.22 13.54
Experimental  8.83 9.36 11.43
Toluene [49] Theoretical ~ 8.68 8.99 12.74
Experimental  9.20 9.81 12.24
Fluorobenzene [49] . o Gieal 029 9.57 13.66
Experimental 8.71 9.03 11.24
m-Xylene [185] Theoretical - - -
E i tal 9.10 9.69 11.32
Chlorobenzene [49] perimenta
Theoretical - - -
E i tal 9.02 9.65 10.63
Bromobenzene [49] rperienta
Theoretical - - -
E i tal 8.79 9.52 9.78
Iodobenzene [49] *perimenta
Theoretical - - -

Experimental 8.44 ) )
p-Xylene [185] Theoretical - ) )

Experimental ~ 8.56
o-Xylene [185] Theoretical - ) )

M

indicates no reliable data was available for these orbitals.
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Table 7.2: Other physical properties of substituted benzenes
Molecule BP (°C) MP (°C) Dipole moment (Debyes)

Benzene 80 5.5 0
Toluene 111 -93 0.36
Fluorobenzene 85 -42 1.66
Bromobenzene 156 -31 1.55
Chlorobenzene 132 -45 1.54
Todobenzene 188 -29 1.70
m-Xylene 138 -48 0.35
p-Xylene 138 12 0.07
o-Xylene 143 -26 0.64

Boiling (BP) and melting points (MP) taken from MSDS sheets for the molecules from
the Sigma Aldrich website. Dipole moments from [185].

Table 7.3: Temperature and vapour pressures for substituted benzenes.

Molecule Temp. for 0.1 bar (°C) Temp. for 1.0 bar (°C)

Benzene 83 155
Toluene 45 110
Fluorobenzene 24 84
Bromobenzene 83 155
Chlorobenzene 63 131
Todobenzene 110 187
m-Xylene 70 139
p-Xylene 69 138
o-Xylene 67 144

Data taken from [185]
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