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Abstract

Electronic coherences in molecules are typically expected to survive for a few femtoseconds.

This limits the timescale of charge migration, which is the electronic motion following valence

excitation that is the result of electronic wavepackets, i.e. coherent superpositions of excited

states. It is of fundamental and practical interest to molecular physics and quantum chemistry

to understand how coherent charge migration results in long term outcomes of chemical reactions

or in processes such as radiation damage. It may even be possible to bias reaction outcomes to

desired products if the states with a wavepacket and their coherences can be controlled, which

is the aim of quantum control. In this doctoral thesis, two experiments are also discussed in

detail which aim to improve understanding of decohering interactions on this timescale.

The first is a two colour all X-ray pump-probe experiment using an X-ray free electron laser to

investigate charge migration of inner valence holes following ionisation of isopropanol vapour.

Two hole wavepackets are studied, each corresponding to cluster of states which can be understood

as satellites of a single one-hole state broken down due to coupling to two-hole one-particle states

(breakdown in the molecular orbital picture of ionisation). Hole lifetimes for these states of 5.1

± 3.2 fs and 1+2
−1 fs were measured, and accompanying theoretical investigations are referred

to which elucidate the role of the initial spread in nuclear geometries and nuclear motion on

decoherence.

The second experiment is in liquid isopropanol, this time looking at the role of the liquid

environment of electron trajectories following ionisation via high harmonic generation. This

experiment has tangential interest to strong field physics, as the processes involved in high

harmonic generation in liquid are investigated. Harmonics up to 50 eV are generated, the highest

reported to-date in the condensed phases, and it is found that scattering of electrons from

neighbouring molecules dampens but does not exclude recombination.

Accompanying these experiments is the advancement of experimental tools for those and future

investigations, especially for the study of liquid systems. For this purpose, flat liquid targets

of order 1µm thickness as well as the tools for transient absorption spectroscopy using a soft

X-ray high harmonic generation source are developed.
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Chapter 1

Introduction

It is an exciting time for ultrafast X-ray science following significant developments in all of the

core components to probe and understand ultrafast dynamics. Tabletop X-ray sources are capable

of producing sub-femtosecond X-rays in and beyond the water window and national facilities

can produce sub-femtosecond pulses intense enough for multiphoton and strong field X-ray

experiments. Molecular theory is now at the point where the inclusion of electronic coherences

and the interactions between nuclei and electrons beyond the Born–Oppenheimer approximation

is possible. Targets can be created in all of the common states of matter. Combining these

elements, it is now becoming possible for the first time to measure an important class of

dynamics: the motion of charge wavepackets which is mediated by electronic coherences, i.e.

charge migration.

This is crucial, as molecular processes, such as interactions with each other or with light, are

mediated on the quantum scale by electrons. Chemical bonds are formed by potential energy

surfaces mapped out by electronic wavefunctions, and can be broken when electrons are excited;

chemical reactions involve the exchange of charge; intermolecular bonding, such as hydrogen

bonding, is mediated by long range interactions of electrons; and high-energy light interacts

with electrons to cause radiation damage. If it is possible to better understand the role of these

correlations and to benchmark the latest theory, these types of molecular processes can be better

understood, or even controlled.
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This thesis focuses on using novel methods to study electron dynamics on the timescale of

electronic coherences, and the advancement of techniques required to do so. The methods

employed here involve interaction of molecules with VUV and soft X-ray photons. Both excitation

from X-rays and X-ray probes of electron dynamics offer exciting advantages over lower photon

energy alternatives. Importantly, X-rays are able to probe core electronic states of atoms and

molecules, either exciting them to continuum states or bound valence orbitals. Core states are

important in time resolved studies as they are highly localised to a nucleus. Therefore, upon

core-to-valence excitation the excited electrons inside a molecule are also well localised to the

same nucleus. Similarly, upon core to continuum excitation (ionisation) the hole is well localised

to the same nucleus. This means that X-ray pumps are able to excite a charge wavepacket

localised to one point on the potential energy surface. The resulting dynamics are of great

fundamental and practical interest, for example in opto-electronic devices and photo-chemistry.

X-ray probes are also specific to atomic states localised in nuclei. Photoelectrons excited from

core states are excited from localised wavefunctions greatly simplifying the interpretation of

their scattering as they propagate through a material. Auger electrons decaying from valence

shells to core holes offer a similar picture, and excitations to valence bands are affected by the

local valence occupation of the nucleus due to Fermi blocking.

A secondary aim of this thesis is to apply these methods to the liquid phase. The solid and gas

phase are by far the most studied phases of matter in the field of ultrafast physics. Despite

their ubiquity, liquids are less well understood, due in part to the difficulty in fabricating and

operating liquid targets which meet the requirements for study in the majority of experimental

schemes available.

Within this thesis, two experiments targeting electron dynamics are presented as well as steps

towards further studies. First though, the theory and background of the research field is

described in Chapter 2. Chapter 3 discusses method for generating VUV and soft X-ray light

suitable for measurement of electronic coherences.

Chapter 4 then discusses an experiment conducted using emission from an X-ray free electron

laser in which the migration of inner valence hole states created in isopropanol vapour was
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measured. Two holes states are observed. One, which decays via a frustrated Auger-Meitner

process, is measured to have a transient population lasting only (1± 2) fs. The second has a

longer lived state of (13± 8) fs with evidence of decoherence both from the initial spread in the

nuclear geometries and the subsequent nuclear motion.

Chapter 5 describes the progress made on delivering liquid targets suitable for time resolved

X-ray absorption spectroscopy using a high-harmonic generation based light source, including

the creation of the targets, in vacuum delivery of liquid sample, and design and installation of a

suitable target chamber and spectrometer.

Chapter 6 describes an experiment to investigate the generation of VUV light in liquid isopropanol

via high harmonic generation with a few-cycle IR driving field. Evidence is found for a

recombination mechanism similar to gas phase high harmonic generation, but with scattering

of electrons from neighbouring molecules occurring during the electron excursions from their

parent molecules. The implication is that scattering cross sections are encoded into the resulting

harmonic emission. High harmonic generation in the liquid phase may then prove a useful probe

of liquid phase cross sections, which are thought to be altered by, for example, charge screening,

correlations, and exchange potentials.
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Chapter 2

Interactions of soft X-rays with

molecules

2.1 Molecular wavefunctions (orbitals)

2.1.1 Basic theory and common approximations

To understand the properties and interactions of molecules generally, solutions to the Schrödinger

equation must be found for the bodies and forces involved, i.e. nuclei, electrons and the Coulomb

interactions between them. Due to the many-body nature of the problem, approximations must

be made before there are tractable solutions. One of the most common is the Born-Oppenheimer

approximation, which treats nuclei as fixed in space for the purpose of solving the electronic

wavefunction. This is reasonable, so long as the timescales of electronic motion are much

shorter than those for nuclear motion. For N electrons and M nuclei, the Hamiltonian of that

Schrödinger equation is then

H = −−ℏ2

2me

N∑
n=1

∇2
n −

e2

4πϵ0

(
N∑

n=1

M∑
m=1

Zm

rnm
+

N∑
n=1

N∑
k>n

1

rnk
+

M∑
l=1

M∑
m>l

ZlZm

Rlm

)
, (2.1)

where ℏ is Plank’s reduced constant, me is the mass of an electron, ϵ0 is the permittivity of free

space, Zi is the number of protons in nucleus i (i = 1, 2, 3, ...M), rij is the distance between
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Figure 2.1: A demonstrative potential energy surface for a binding orbital of a diatomic molecule.
The ‘surface’ is this case only depends on one coordinate, the intermolecular separation. The
energy is determined by solving the electronic part of the Schrödinger at each fixed separation.

electron i and electron j, and Rij is the distance between nucleus i and nucleus j.

Other approximations have already been made at this point: the choice of the Schrödinger

equation implicitly ignores relativistic effects; spin-orbit effects are also ignored; and it is assumed

that nuclei can be treated as point charges. To derive the nuclear wavefunction, the electronic

wavefunction is solved for all possible positions of the nuclei to derive a potential energy surface

which then forms the potential for the nuclear Hamiltonian. This is not derived here as we are

primarily interested in a description of electron states, but it should be noted that electronic

state transitions are typically accompanied by vibrational transitions. Figure 2.1 shows a typical

slice along a potential energy surface (PES), as viewed in the Born–Oppenheimer approximation.

The dimension of the PES increases with the number of nuclear degrees of freedom.

Intuition is gained from considering X-ray interactions with atoms and molecules in the Hartree-

Fock (HF) self-consistent field (SCF) method. The general solution to (2.1) is a non-separable

many-body electronic wavefunction Ψe(r1, r2, ...rN), but the HF method assumes that this

wavefunction is separable into a product of N single-body electronic wavefunctions (an HF

orbital),

Ψe(r1, r2, ...rN) = ϕ1(r1)ϕ2(r2)...ϕN(rN). (2.2)
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The variational method is then used to derive N coupled eigenvalue equations,

Fϕi(r) = ϵiϕi(r), (2.3)

where F is the derived Fock operator and the eigenvalue ϵi can be interpreted as the energy

contribution of the ith electron. The full equation for the Fock operator and its derivation

are not show here but can be found in standard quantum chemistry, molecular physics, or

spectroscopy textbooks, e.g. [1]. The form of the Fock operator is that of a Schrödinger equation,

which leads to the interpretation of ϵi as an energy. ϵi is negative for bound states with the

most negative eigenvalue, ϵ0, corresponding to the most bound orbital. There are greater than

N solutions, ϵi, to Equation 2.3, with the lowest N combining to form the ground state HF

orbital. The other bound solutions, ϵi≥N < 0, correspond to excited states.

The Fock operator can be expanded into three terms,

F̂ = Ĥ0 +
N∑
j=1

(2Ĵj − K̂j). (2.4)

The first term, Ĥ0, is unchanged from the first two terms in Eqn. 2.1 and accounts for the free

Hamiltonian and the interaction of the electrons with the nuclei. As the Born-Oppenheimer

approximation has been applied, there are no correlations between nuclei and electrons. The

remaining two terms, however, are derived from the electron-electron repulsion in (2.1): the

Coulomb term, Ĵ , which is electron-electron repulsion as understood in classical electrodynamics;

and the exchange term, K̂, which is a quantum effect related to the indistinguishability of the

electrons and Fermi blocking. The exchange term is the only electron-electron correlation term

in the Fock operator.

Finally, to satisfy the anti-symmetry requirements of a wavefunction of fermions, the polarity

of the wavefunction must swap with the exchange of an electron. This is not satisfied by the

solutions of 2.3, but is solved by a Slater determinant of similar HF orbitals,

16



Ψ(r1, r2, . . . , rN) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣

ϕ1(r1) ϕ2(r1) · · · ϕN(r1)

ϕ1(r2) ϕ2(r2) · · · ϕN(r2)

...
...

. . .
...

ϕ1(rN) ϕ2(rN) · · · ϕN(rN)

∣∣∣∣∣∣∣∣∣∣∣∣∣
. (2.5)

2.1.2 Correlations & configuration interactions

A second electron-electron correlation effect, independent of exchange, is Coulomb correlation.

It is the correlation of electron positions due to Coulomb repulsion. It is not implicit in the

Fock operator and cannot be included whilst the electron wavefunctions are separable.

The classes of electron dynamics of most interest to this research are those which are not

adequately included in the HF method. There are numerous theoretical tools for including

Coulomb correlation. Some are not derived from HF methods, such as Green’s functions method

[2], and density functional theory (DFT) [3] . Post-HF methods use the HF method as a starting

point and add correlations explicitly, such as configuration interactions (CI) and Moller-Plesset

(MP) perturbation theory [4].

Configurations interactions gives an insightful picture of electron dynamics and correlations,

and is used here to interpret results. It starts by considering the molecular wavefunction to

be a weighted sum (weights of ci) of molecular wavefunctions, ψi called a configuration state

function,

Ψ =
∑
i

ciψi. (2.6)

Each of ψi is then set to be a HF orbital. Typically ψ0 is the ground state and other states

in the sum are characterised by the number of excitations required from the ground state to

reach them and is truncated to save computational time. Assuming this form of solution and

aiming to minimise the expectation value of the Hamiltonian, the coefficients ci can be found as

solutions of a general matrix eigenvalue problem.

Correlations are explicitly included in the configurations interactions between the states in-

cluded in the configuration state function. In practice this means that the choice of molecular
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wavefunctions is critical and depends on the class of dynamic being solved. Its application to

attosecond X-ray measurements has been demonstrated in, for example, absorption of condensed

matter [5] and charge dynamics in molecular ions [6].

2.2 Ionisation

The HF method helps interpret interactions with light as photons interacting with individual

electrons within a molecular entity. In this picture a photon is absorbed and the electron from

one of the orbitals ψi is excited. The nuclear wavefunction can also be excited independent

of electronic transitions, but generally at lower energies (infrared wavelengths) where those

resonances exist. If the photon energy exceeds the binding energy of the electron it interacts

with, the electron is excited into the continuum with transition probability given by Fermi’s

golden rule. When the resulting free-electron’s kinetic energy is high, its wavefunction rapidly

oscillates in space and the overlap integral in Fermi’s golden rule is small. As such, photons

absorb most strongly when they are just above the binding energy of the electron they interact

with. Therefore, soft X-rays, below 1 keV, interact with the 1s electrons of the second row

elements (K-edge) and with the 2s and 2p electrons of third row elements (L-edges). In molecules,

the most tightly bound electrons feel most strongly the potentials of individual atoms and can

be approximated as atomic orbitals, so molecules will absorb strongly close to the edges of their

constituent atoms, with perturbations due to the local chemical environment.

In the molecular orbital picture, the kinetic energy of the photoelectron can be determined from

Koopman’s theorem, which states that the energy lost by the molecule following ionisation is

the energy of the molecular orbital. With the removal of the ith electron, with orbital energy ϵi,

the difference in energy between the ionised and neutral (or less ionised) molecule is then

EN−1 − EN = −ϵi. (2.7)

Therefore −ϵi, which is positive, is the binding energy of that molecular orbital and when a
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Figure 2.2: A typical energy diagram, showing the ionisation of an electron with binding energy
−ϵ. According to Koopman’s theorem, the energy of the electron is given by Eqn 2.8.

molecule absorbs a photon of energy ℏω, the kinetic energy of the photoelectron is

Ek.e.,i = ℏω + ϵi. (2.8)

Figure 2.2 illustrates the energies involved in ionisation. Illumination of a molecule with an

X-ray sources (i.e. photoelectron spectroscopy) therefore probes its single-electron energies.

Importantly, this kind of excitation localises the charge distribution of the orbitals which soft

X-rays interact with and makes soft X-rays suitable for site-specific spectroscopic methods.

These peaks are broadened by accompanied excitations of the nuclear wavefunction; however,

such experiments see more peaks than cannot be explained by the HF method (see Figure 2.3).

One such class of peaks is due to the existence of ‘shake-up states’, which appear as satellites

to molecular orbitals with higher binding energies than the main peak. These shake-up states

are an excellent example of dynamics which cannot be explained without electron-electron

correlations, which in this case drive transitions in electrons other than the one that is itself

ionised [7]. The satellites are only at higher binding energies as the ionised molecule is left in

an excited state. There also exist ‘shake-off states’, which are similar but with a transition to a

further ionised state.
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Figure 2.3: Diagrammatic representation of the shake up and shake off states, driven by
electron-electron correlations. The shape up states occur first, above the main peak, and involve
transitions to valence excited states. The shake off state, at the highest binding energy, involves
a transition to a doubly ionised state.

2.2.1 Breakdown in the molecular orbital picture of ionisation

There is a third class of peaks which appear as satellites both above and below the main peak in

binding energy (see Figure 2.4). These peaks can be understood in the CI picture as coupling

between one-hole states, which are singly ionised configurations, and two-hole one-particle states,

which are singly ionised configurations with an additional excitation of a bound electron into

a valence orbital. This correlation can have a net positive or net negative contribution to the

energy of the orbital. When these correlations are sufficiently strong, the satellites begin to

form a continuous band, at which point this process is referred to as the breakdown of the

molecular orbital picture of ionisation [8]. The theory of this was developed and used in first

theoretical studies and experiments in molecular gasses in the late 70s and early 80s, particularly

by Cederbaum and coworkers using Green’s function methods [9, 10, 11], and by others using

CI [12, 13].

Breakdown of the molecular orbital picture of ionisation is central to the theory of charge

migration. A wider discussion of this phenomenon and the theory behind it is given at the
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Figure 2.4: Diagrammatic ionisation spectrum of a molecule, showing the effect of electron
correlations. An ionisation peak is positioned at the energy of each ionic state relative to the
ground state. The ionisation peaks are colour-coded by their character, which is the dominant
1-hole 1-particle molecular orbital contribution to their wavefunction in the CI picture. I.e. blue
corresponds to the HOMO, black corresponds to the HOMO+1, etc. In the outer valence, states,
single ionisation peaks map to single molecular orbitals. It is also possible to have couplings
between 1-hole 1-particle states, as in the case of the yellow and green peaks. In the inner
valence, coupling to two-hole one-particle states leads to the emergence of satellite peaks at
higher and lower energy and the breakdown in the molecular orbital picture of ionisation. Figure
reproduced from [14] with permission from the license holder IOP Publishing Ltd.

beginning of Chapter 4, and is directly relevant to the experiments in that chapter.

2.3 Key interaction processes

2.3.1 Core to valence excitations

Core electrons can also be excited to bound valence states. Again, Fermi’s golden rule determines

the transition probabilities and for transitions to bound states introduces the resonance condition.

Resonances for excitations from 1s to valence orbitals are just below the K-edge and similarly,

for excitations from 2s or 2p states to valence orbitals, below the L-edge. Therefore, soft X-rays

drive core to valence transitions in second and third row elements. In molecules, the transitions

are to molecular orbitals, so the transition energy and dipole coupling term in the transition

probability is sensitive to the molecular environment. These site-specific transitions to molecular

orbitals are well suited to the study of electron dynamics.
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2.3.2 Resonant inelastic X-ray scattering, Rayleigh scattering, and

Auger-Meitner decay

In both cases, excitation of a core electron to the continuum and excitation to valence states, a

core-hole remains. Though these core-excited states are bound (considering only the remaining

cation), they lie energetically above ground and valence excited cationic or further cationic

states.

Radiative decay is therefore possible. In this case, one photon is absorbed and one photon is

emitted, and the whole process can be thought of as a single scattering event, called resonant

inelastic X-ray scattering (RIXS). Where the photons are of equal energy, such that the system

returns to its original state, it is called Rayleigh scattering. RIXS was first observed as a

sharp increase in synchrotron radiation before absorption edges in metals [15] and subsequently

explained theoretically as a second order perturbation to scattering theory [16].

Another relaxation channel is via auto-ionisation, i.e. emission of an electron with kinetic energy

equal to the difference between the relaxation energy and the emitted electron’s binding energy

(Koopmans’ theorem). This non-radiative relaxation is referred to as Auger-Meitner decay. It

can be explained using Fermi’s golden rule where electron-electron repulsion is treated as a

perturbation from an effective central field Hamiltonian. The electron repulsion comes from the

molecular entity itself and is therefore referred to as an ‘autoionising’ interaction.

RIXS and Auger-Meitner decay are competing processes. RIXS is favourable for atomic sites

with large atomic numbers whilst Auger-Meitner decay is favoured for small atoms [17]. As such,

Auger-Meitner decay is of greater importance for soft X-ray absorption. This derives from the

relative rates of each process. Both actually increase with atomic number: RIXS is mediated

by spontaneous emission, which has cubic scaling with frequency and scales approximately

quartically with atomic number [18]; Auger decay also increases monotonically with atomic

number, due to the increased Coulomb interaction of a core vacancy, but at a lower rate.

The core-excited molecular entity does not necessarily decay directly to its ground state or

the ground state of one of its cations and so a series of radiative and non-radiative decays is
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possible. A knowledge of the decay lifetimes, and therefore probabilities, of competing processes

is essential for understanding electron dynamics in highly excited systems and for experimental

considerations (e.g. detection schemes) in probing these dynamics [19].

Auger-Meitner decay was first proposed to exist in the decay of highly excited atoms following

alpha decay by Meitner in two seminal papers, in 1922 [20] and 1923 [21], and then unambiguously

observed by Auger in cloud chamber experiments in 1925 [22], in which he described the

phenomenon of ‘tertiary β-rays’. Meitner’s contribution was only recognised much later, so

many texts refer to the process simply as Auger decay and the electrons themselves are usually

referred to as Auger electrons. Auger-Meitner decay following excitation to the continuum is

non-resonant. Thus, the energy of the Auger electrons is non-dispersive (does not increase

linearly with the photon energy of the ionising radiation) and is useful in retrieving information

about the energy structure of an entity [23, 17]. It is sensitive to shifts in energy due to

correlation effects, such as Coulomb repulsion between final state holes, and correlated changes

in local electronic structure [24]. In molecules, Auger spectroscopy is also sensitive to the nuclear

degrees of freedom [25].

The resonant effect was first observed later in molecular systems [26] as a natural extension to

the discovery or RIXS, and like RIXS, is explained by second order perturbation theory. Despite

the initial and final states of the entity being independent of the photon energy, resonant decay is

dispersive; as such, the Auger electron is often described as having ‘remembered’ the excitation

and there is an interplay between the spectral width of the X-ray source, its central energy, the

energetic position of the Auger resonance, and its lifetime [27]. It is treated theoretically as a

scattering event, like RIXS, in which a photon is absorbed and an electron is emitted in a single

step.

2.3.3 Elastic X-ray scattering

Elastic X-ray scattering is a process which leaves the molecular system in an unmodified state,

and as such is treated quite differently to the processes already listed. It serves to convert plane

waves of X-ray light into spherical waves originating at the scattering centre. On a fundamental
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level, scattering occurs due to the interference between the X-rays and X-rays generated by

oscillating dipoles. It is therefore dependent on the charge density and the potential felt by that

charge.

Mathematically, in the far field a scattered plane wave with wavevector k is described by the

unnormalised wavefunction

ψk(r) = ei(kr−ωt) +
f(θ, ϕ)

rs
ei(krs−ωt) (2.9)

where rs, θs, and ϕs are the distance, polar angle, and azimuthal angle from the scattering

centre. The second term describes the scattered part of the wave and the forward part of the

scattering amplitude f(θ = 0) is related to the total scattering cross section, σtot, by the optical

theorem,

σtot =
4π

k
Imf(0). (2.10)

What is typically observed in the far-field is the interference of multiple scattering centres, or

by integrating over all of the finite elements within a volume. This is particularly the case when

observing diffraction, which is scattering of X-rays from a material with long range order, i.e. a

crystal. Considering the form of Eqn. 2.9, an integral over a volume is formally equivalent to

a Fourier transform; therefore, the far-field diffraction pattern observed in the intensity of a

scattered X-ray is the Fourier transform of f(θ,ϕ)
rs

.

2.4 VUV & X-ray spectroscopy for ultrafast science

As already alluded to, high energy photons make excellent probes of the electronic states of

matter. Many spectroscopic methods in molecular physics are therefore based on VUV or X-ray

sources either resonant with core to valence transitions or into the continuum. The workhorse of

ultrafast science is a general experimental scheme often referred to as pump-probe spectroscopy,

though each of those elements - the pump and the probe (which does the ‘spectroscopy’) - are

incredibly varied. The scheme uses two timed steps, the pump step and the probe step. In the

pump step an interaction with the system of interest occurs and initiates the dynamics that are
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to be studied. In the probe step, which follows, a second interaction occurs which feeds back

a measurement of the system, revealing something which should relate to the dynamics. The

time between the pump and probe steps, typically denoted τ , is varied and the measurement is

repeated. The measurement then tells the experimentalist the properties of the system at time

τ after the pump step. The temporal response of the system is then known.

2.4.1 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS), as the name suggests, measures the absorption of X-rays

as a function of their energy. The absorption is generally understood in relation to the atomic

edges which the absorption is close to, i.e. the K- or L-edge, and sometimes the M-edge (2p).

Looking at the complete spectrum, it can be split into three regions relative to an atomic edges:

pre-edge, near-edge, or post-edge.

Absorption at the pre-edge is due to transitions from core to valence states. A photon can be

absorbed when a few conditions are met: it is resonant between the core state and a valence

orbital; the core state is populated; the valence orbital is unoccupied; and there is a non-zero

transition matrix element as determined from Fermi’s golden rule. In practice, the last condition

is a requirement on the symmetry of the molecules that they satisfy the dipole selection rules.

With high resolution measurements the different transitions are visible as separate Lorentzian

absorption peaks. Absorption in this pre-edge region therefore directly probes the populations of

valence states, with the positions of the peaks giving information on the chemical environment

local to the atomic site being probed.

The near-edge region probes quasi-bound states. Quasi-bound states are states with energies

above the ionisation potential, i.e with negative binding energy. They can be understood in the

HF method as orbitals with ϵi > 0. These states can be transiently populated due to a potential

barrier created by the rotational degrees of freedom in the molecule, the centrifugal barrier.

These resonances are referred to as shape resonances due to the influence of the ‘shape’ of the

molecular potential. [1] They are very short-lived and thus broad energetically. Terminology

varies in this interdisciplinary technique but spectroscopy in the pre- and near-edge regions
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Figure 2.5: Schematic representation of XAS and corresponding energy levels core, valence, and
continuum states. Absorption peaks below the absorption edge correspond to transitions from
the core to unoccupied valence states. Above the edge, a broad absorption feature corresponds
to transitions from core to continuum states. Here, only states in dipole-allowed transitions are
drawn.

is often referred to as X-ray absorption near-edge spectroscopy (XANES) or near-edge X-ray

absorption fine structure (NEXAFS).

In the post-edge region, transitions are to continuum states. The absorption spectral shape is

mostly determined by interference between neighbouring atomic sites, from which structural

information can be retrieved. Spectroscopy in this region is sometimes called extended x-ray

absorption fine structure (EXAFS) and is applied most commonly in condensed matter research.

Figure 2.5 shows how XAS probes transitions to unpopulated bound and continuum states.

2.4.2 Photoelectron spectroscopy

Photoelectron spectroscopy (PES) looks directly at the continuum electrons emitted from

ionisation. It is also sensitive to core and molecular state populations, their chemical environment,

and to interference between neighbouring atomic sites, from which structural information can

be retrieved. Angle resolved photoelectron spectroscopy (ARPES) additionally measures the

momentum of the outgoing photoelectrons and is of particular importance to condensed matter
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systems in which momentum plays an important role in band structure. Electrons from Auger-

Meitner decay are also measured, revealing further information about state populations and

chemical properties.

2.4.3 Ultrafast X-ray scattering

Although not strictly ‘spectroscopy’, the use of X-ray scattering as a probe of the structure of

matter cannot be ignored. It was introduced in Section 2.3.3 that the far-field diffraction pattern

of scattered X-rays is the Fourier transform of the scattering amplitude, which in turn relates to

the charge distribution within the scatterer, i.e. its structure. If an inverse Fourier transform

can be performed on a measured diffraction pattern, the structure is therefore recovered.

Until recently, elastic scattering of X-rays has primarily been studied in the context of diffraction

from crystals. This is due to dosage limits imposed by ionisation leading to damage and

modifying the structure. Therefore, to produce a strong enough scattering signal whilst avoiding

significant ionisation, low intensities are required over many scattering centres. Only in an

ordered material is the phase coherent, and therefore crystals are required.

With the advent of high-intensity ultrafast X-ray sources, which are introduced in the following

chapter, this problem can be avoided altogether by what is known as diffraction before destruction

[28]. The principle is that if enough photons can be scattered in a short enough time that

the nuclear motion following radiation damage cannot occur, the undamaged structure is still

measured. With increasing intensities, it is therefore possible to measure smaller crystals. An

early application of these technique, showcasing its power, was the first reconstruction of the

structure of photosystem I, one of the two protein complexes key to photosynthesis [29].

The importance to ultrafast science is that it is now possible to study the structural changes of

molecular systems following excitation with a pump pulse. For example, the ring opening of

cyclohexadiene [30].
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2.4.4 Other X-ray spectroscopies

Other spectroscopic methods are available to the experimentalist, which are not described in

detail here, for instance: spectroscopy based on RIXS, or the non-resonant equivalent x-ray

emission spectroscopy (XES); measurement of ions which may include coincidence counting such

as that in cold target recoil ion momentum spectroscopy (COLTRIMS). Nonlinear interactions,

involving multiple pump photons, are also of interest, such as the X-ray Raman effect [31, 32]

and double core hole generation [8]. Other spectroscopies also exist with unconventional pumps

or probes, such as high harmonic generation spectroscopy, which is discussed in Section 3.1.

28



References
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Chapter 3

XUV and soft X-ray generation for

attosecond science

If one is to study the interaction of soft X-rays with matter or to use this interaction, as described

in Chapter 2, the creation, control, and measurement of soft X-ray fields is of critical importance.

The two main types of XUV and soft X-ray sources in the attoscience community today are

high harmonic generation (HHG) sources and X-ray free electron lasers (XFELs). HHG relies

on widely available femtosecond NIR lasers and as such can be conducted in a typical research

laboratory. As such, HHG sources are often described as tabletop sources. Conversely, XFELs

rely on large scale infrastructure and are currently limited to a few national facilities globally.

The experiments detailed in this report utilise both sources, where appropriate, and in the case

of Section 6, develops the HHG process itself.

3.1 High harmonic generation

High harmonic generation is a process in which a strong driving laser field interacts with a

solid, liquid, gas, or plasma to create high-order harmonics of the driving field. It is treated

separately to perturbative, low-order harmonic generation as it is in the intensity regime where

the polynomial expansion of the nonlinear susceptibility (or equivalently polarisation) breaks

down; however, on a fundamental level it is still mediated by the dipole response. HHG is
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principally an interaction with electrons within the generating medium and to understand the

process theoretically, it is the motion of electrons which is generally considered. Two classes of

HHG are differentiated via the description of their electrons: that which can be described in a

re-collision based model and that which can be described in a band structure model.

3.1.1 Theory and characteristics of re-collision based HHG

HHG in gasses, which is re-collision based, is the only HHG method for producing attosecond soft

X-ray pulses. Re-collision based HHG sources have unique characteristics which are determined

both by the interacting medium and the driving field. To begin to understand and describe

HHG, it is usual to use a semi-classical description, the three-step model [1]. HHG is understood

to be a process mediated primarily by the interaction of the driving field with the electrons

of the HHG target, and the three-step model describes the behaviour of the electrons in this

situation. The three steps are:

1. An intense classical electric field modulates the potential seen by electrons within an atom.

This ionises the electron, either via direct ionisation or tunnel ionisation depending on the

regime as determined by the Keldysh parameter, which depends on field intensity and

frequency [2].

2. The electron then accelerates in the field, which on returning to its parent ion

3. collapses to its original ground state and produces a photon.

The energy of the photon is the difference between the high kinetic energy unbound state and

the ground state it collapses to. The maximum energy released can be related to the ionisation

energy of the electron, I and the pondermotive energy, Up, of the electron in the classical field,

Ecutoff = I + 3.17Up. (3.1)

As pointed out by [1], the flux of high energy photons produced (on the atomic scale) depends

on the ionisation rate in the first step and the probability of electrons returning to their parent

ion during their trajectory in the second step, i.e. it depends on the spreading of the electron
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wavepacket in time and the trajectory, as determined by the driving field. This has immediate

consequences for the properties of the emission. For example, re-collision based HHG is typically

optimised for linearly polarised driving fields.

With regards to the nuclear wavepacket, it was later shown that recombination probability is

proportional to the autocorrelation of the nuclear wavefunction when the electron is ejected and

the nuclear wavefunction when the electron recombines [3]. Nuclear motion is slower for heavier

nuclei; therefore, heavier isotopes will have large relative yield at longer trajectory times. It

should also be noted that return of the trajectory is not sufficient to ensure recombination, with

competition from elastic and inelastic scattering.

Whilst the three-step model is useful for physical intuition and description, it is necessary to

treat the problem from the perspective of quantum mechanics. One may start by solving the

time dependent Schrödinger equation (TDSE),

− ℏ2

2m

∂2ψ(r, t)

∂r2
+ V (r, t)ψ(r, t) = iℏ

∂ψ(r, t)

∂t
(3.2)

for a potential V (r, t) which includes contributions from the static potential and driving field

– for example, in an atomic gas with a driving field of strength E(t) linearly polarised in x,

V (r, t) = Vatom(r) + xE(t).

The TDSE can be solved directly using numerical methods without loss of generality, and doing

so provides a testbed for predictions made by other methods; however, this gains little physical

intuition into HHG and is computationally expensive enough that calculations which include

other effects, for example propagation, are intractable. Alternatively, by making a series of

suitable approximations one can derive an analytic expression for the electric dipole in response

to a strong driving field.

This is the approach taken in [4], in what is known as the quantum path model. In the quantum

path model, it is assumed that

1. Bound electrons are in their ground state, with negligible contributions from excited states.
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2. The binding potential (atomic or molecular potential) can be ignored in the continuum

(after excitation).

3. The ground state is negligibly depleted.

Assumption (2) is the strong field approximation (SFA). It is shown in [4] that the time

dependence of the electron dipole moment,

⟨ψ(r, t)|x |ψ(r, t)⟩ = i

∫ t

− inf

dt′
∫
dp3d∗(p+A(t)) exp(−iS(p, t, t′))E(t′)d(p+A(t′)) + c.c.

(3.3)

Here, d(p) is the dipole transition matrix element between the ground state and continuum, A(t)

is the vector potential, p is the canonical momentum of the electron, and S is the semiclassical

action which corresponds to the phase accumulated by an electron in the field driven continuum.

To derive the HHG spectrum, one must then Fourier transform the result. Saddle point analysis,

which requires the dominant contribution to the complex integral to come from the integrand

when it has stationary phase, is used to interpret the dipole contribution. It gives the result that

the largest contribution to the phase comes from electrons which are ionised into the continuum

and recombine at a later time. A resemblance to each step of the three step model can be be

drawn from each component of the integral in Equation 3.3, chronologically read from right to

left:

1. E(t′)d(p+A(t′)). The electron receives an ionising dipole interaction with the laser field

at time t′, removing it from its ground state.

2. exp(−iS(p, t, t′)). It then evolves in the continuum and accumulates phase from unitary

evolution between time t′ and t, ignoring the atomic potential (strong field approximation).

3. d∗(p +A(t)). At time t, a second dipole interaction occurs as the electron recombines

with its parent nucleus.

Indeed, when introducing the model in [4], a similar scaling law for the cutoff energy as the
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Table 3.1: The ionisation potentials of noble gasses, which are commonly used for high harmonic
generation targets.

He Ne Ar Kr Xe
Ip 24.59 20.18 15.76 14.00 12.13

semi-classical model is derived,

Ecuttoff = F (Ip/Up)Ip + 3.17Up. (3.4)

The additional scaling factor for the ionisation potential, F (Ip/Up), approaches 1.3 in the limit

Ip ≪ Up and 1 for large Ip. The use of this scaling law is that it derives characteristics of a

HHG source from its driving field and the interaction medium.

There is an approximately linear increase in the cutoff energy with increasing ionisation potential

of the interaction medium. The high ionisation potentials of noble gasses (see Table 3.1) is the

reason that they are the most common targets for re-collison based HHG. There is also a linear

scaling with the pondermotive energy, which scales quadratically with the peak electric field,

E0, (linearly with intensity, I) and quadratically with the driving wavelength λ:

Up =
e2E2

0λ
2

16π2c2me

=
e2Iλ2

8π2c3ϵ0me

, (3.5)

where e is charge of an electron, c is the speed of light in a vacuum, and ϵ0 is the permittivity

of free space. For this reason, when seeking to reach the highest energy harmonics, femtosecond

NIR/MIR lasers in typically short focussing geometries are used. This also demonstrates another

benefit to the use of high Ip targets, which can sustain higher Up without saturating ionisation.

Several predictions are also made about the temporal-energetic (photon energy) properties of

HHG sources. From the three-step and quantum path models it is shown that emission only

occurs at the time of return of electrons, which can only occur within a certain period within

each half-cycle of the driving field. It follows that a short burst of light, an attosecond pulse,

is created at each half cycle. The result is a train of attosecond pulses separated by half the

period of the driving field, T , as shown in Figure 3.1a. If HHG can be restricted to a single half
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Figure 3.1: a) Temporal structure of the attosecond pulse train, relative to its driving field.
Harmonic emission occurs on every half cycle of the laser field. b) The temporal structure the
electron trajectories of HHG within a laser cycle, with trajectories and emission only shown for
ionisation from one half cycle. Not all trajectories return; the earliest ionisation time which does
return is at the peak of the electric field and is also the last to return. As the ionisation occurs
later in the cycle, the return time decreases and the trajectory gets shorter. The kinetic energy
of the returning electrons (and therefore the photon energy) also increases, up to a maximum,
and then begins to decrease. The ‘long trajectories’ are those in the first regime, where kinetic
energy increases with decreasing trajectory length. Conversely, the ‘short trajectories’ are those
where kinetic energy decreases with trajectory time.

cycle, an isolated attosecond pulse will be created. From the different electron trajectories, it is

also predicted that the individual attosecond pulses have significant chirp, as shown in Figure

3.1b. Considering first the short trajectories, which are born into the continuum later and arrive

earlier, the very shortest trajectories have the lowest kinetic energy upon recombination; and,

the later the electron recombines, the higher its energy. Consequently, there is significant chirp,

with the photon energy increasing sharply within the first half of the pulse. The long trajectories

follow the opposite trend, with the first returning electrons having the highest energy and the

latest (the longest trajectories) having the lowest. Trajectories which are born before the peak

of the laser half cycle, i.e. before the long trajectories, will not return and do not contribute to

the emission.
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(a)

  

(b) (c)

Figure 3.2: Illustration of (a) tunnel ionisation, (b) multi-photon ionisation, and (c) over-the-
barrier ionisation.

Another important characteristic for a HHG source is its total yield, i.e. the average or single-

shot power emitted from an HHG source, as well as the relative yield of different harmonics. In

both cases, it is important to know the ionisation rate as total yield is proportional to the total

ionisation rate and the yield of a specific photon energy is proportional to the ionisation rate

at the birth time of the contributing trajectories. Ionisation in the strong field approximation

is a research interest which predates HHG, and in particular the papers of Keldysh [5], Faisal

[6], and Reiss [2] combine to form the basis of SFA theories, which are sometimes referred to

as Keldysh-Faisal-Reiss or KFR theories. Keldysh derived an expression for ionisation from

a Coulomb potential in a strong field, disentangling the competing processes of tunnel and

multi-photon ionisation. Tunnel ionisation is the process by which barrier suppression of the

Coulomb potential is sufficient for a bound electron in a molecule to tunnel directly into the

continuum, as shown in Figure 3.2(b). Multi-photon ionisation is the process by which the

bound electron is simultaneously excited by many photons such that it lies energetically above

the Coulomb barrier and is ionised, as shown in Figure 3.2(a). Keldysh derived the rate of

tunnel ionisation by neglecting the effect of the Coulomb potential on the continuum electron

wavefunction. He took the ansatz that the transition probability amplitude from bound and

unperturbed state |Ψ0⟩ to continuum state |Ψp⟩, with momentum p is given by

M(p) =

∫ ∞

−∞
⟨Ψp|Vint(t) |Ψ0⟩ , (3.6)
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where Vint(t) is the interaction potential in interaction picture. On the face of it, neglecting the

contribution of a long range potential (VCoulomb ∝ 1/r) on |Ψp⟩ seems improper, but the effect is

only to add an order unity scaling correction to the result and not modify its general form. Faisal

generalised Keldysh’s theory, deriving the ansatz 3.6 (which is not actually stated in [5] but is

implicit [7]) under only the dipole approximation and a restriction on the product of the driving

field and potential range. This second condition appears limiting, but is not sufficiently strong

to make the theory inappropriate for tunnel ionisation, only over-the-barrier ionisation, in which

the field is sufficient to completely suppress its binding potential and leave a barrier-free route

to horizontal ionisation. This is depicted in Figure 3.2(c). Over-the-barrier ionisation therefore

imposes a limit on the intensities which can be used for HHG. Keldysh observed that the rate

of tunnel ionisation should be dependent of the driving field frequency, as at high frequencies

there is insufficient time for the electron to tunnel within a laser cycle. Multi-photon ionisation,

on the other hand, increases with frequency and thus wins the competition in this limit. The

regime of a given strong-field ionising interaction is determined by what is now known as the

Keldysh parameter,

γ = ω

√
2meIp

eE0

. (3.7)

γ can be understood intuitively as proportional to the ratio of the time taken classically for an

electron with energy Ip to cross the tunnelling barrier and the time period of the driving field.

For γ ≪ 1, tunnel ionisation dominates whilst for γ > 1, multi-photon ionisation dominates.

For example, a 0.5mJ 1800 nm 15 fs laser pulse focussed to a 1/e2 width of 100 µm in argon

forms an interaction with γ = 0.175 at the peak intensity, and ionisation is predominantly from

tunnelling.

The combined probability of ionisation from a gas in a single laser period is given by

w0 =

√
2Ip
ℏ
ω

(
γ√

1 + γ2

)3/2

S

(
γ,

Ĩp
ℏω

)
exp

{
−2Ĩp
ℏω

[
sinh−1 γ − γ

√
1 + γ2

1 + 2γ2

]}
, (3.8)

where Ip is a modified ionisation potential and S
(
γ, Ĩp

ℏω

)
is a slowly varying function - the full

forms of each can be found in [5] but are omitted here for brevity. This expression forms a
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Figure 3.3: Spectrum of high harmonics generated using a CEP stable few-cycle pulse in krypton,
extending beyond 60 eV.

pre-factor to the total high harmonic yield. To know the relative yield of different harmonics,

one must consider the rate of ionisation at the birth time of the corresponding trajectories. The

tunnelling rate is highest when the barrier is most suppressed, i.e. at the peak of each half-cycle.

The exact form of this contribution to the relative yield is not necessary for this work, only

to realise that it is different from harmonics in the perturbative regime, which scale inversely

with the intensity to the power of the polynomial order. As such, there is an approximately

exponential decrease in yield from successive harmonic orders in the perturbative limit. For

HHG however, there is no such restriction; this gives the spectrum of HHG a distinctive shape

in which successive harmonic orders are of similar order of intensity extending over tens or

hundreds of orders, and is commonly described as a plateau.

Given that the harmonic cutoff scales quadratically with wavelength, NIR and MIR lasers are

typically required to generate harmonic orders in the soft X-ray region; however, the total

harmonic yield is reported to scale unfavourably with λ. Calculations which use a combination

of direct integration of the TDSE and the SFA estimate the scaling as ∝∼ λ−(5–6) [8]. This was

later measured with good agreement in low density xenon and krypton [9]. This is as a result of

a combination of factors: longer trajectories lead to greater spreading of the electron wavepacket,

lowering the probability of re-collision (∝ λ−2); conversion of the number of photons to energy

contributes a factor ∝ λ−1; and other factors contributing the remaining λ−3 scaling, such as

the effect on the number of field oscillations before re-collision and the motion of the nuclear
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wavepacket, which remains an unsettled problem.

So far, here, re-collision based HHG has only been considered on the micro scale, e.g. the

response of a single atom in atomic gasses. Macroscopic effects are also fundamental to HHG.

Propagation effects of HHG are more comparable to perturbative harmonics in that phase-

matching, the equivalence between the wave vectors of the driving field and harmonic emission,

plays a critical role to the efficiency of emission. In the case of perfect coherence between

emitters, photon emission scales quadratically with the number of emitters. Experimental

setups for HHG therefore seek to maximise the number of coherent emitters either by increasing

the density or the coherence length of the interaction, whilst mitigated the unwanted effect of

re-absorption of the harmonics. The coherence length is roughly the length over which emission

is in phase. Contributions to this phase come from four sources:

1. The Gouy phase, ∆kg, which is derived from the change in the wavefront at a focus, which

results in an apparent lengthening of the wavelength at the focus.

2. The dipole phase, ∆kd, which is derived from the change in emission time of photons of a

given energy due to changes in the trajectories arising from e.g. change in driving field

intensity.

3. Normal dispersion, ∆kn, derived from changes in the refractive index of the medium from

e.g. a change in gas density.

4. Plasma dispersion, ∆kn, derived from changes in plasma density which also shifts the

refractive index but is typically treated separately to ∆kp.

The total mismatch is then:

∆k = ∆kg +∆kd +∆kn +∆kp (3.9)

This is further complicated by spatial and temporal variation in the driving field and the

interaction medium: The rate of ionisation increases through the pulse, shifting the plasma

contribution; intensity varies over the transverse profile of the pulse, affecting the dipole

44



contribution; Gouy phase necessarily changes dramatically close to the focus; and the density

emitters varies in many target systems, e.g. gas jets which disperse into a vacuum chamber,

and changes the normal dispersion contribution. For example, a 550µJ 12 fs pulse focused to

2PWcm−2 into a 4 bar helium target will experience ionisation fractions of a few per cent after

propagating only a micrometre lengths [10]. This will clamp the intensity to only half the peak

it would experience in vacuum, via plasma defocussing, thus clamping further ionisation and

lead to order π phase shifts. This effect is greatest at the centre of the focus, causing the edges

of the beam to propagate first, distorting the wavefront [10]. In this high intensity regime,

emission is therefore limited to the first micrometres of propagation.

3.1.2 Experimental observations

The first published observations of HHG in gas targets came in the late 1980’s when McPherson

et al. [11] were able to identify a deviation from the scaling laws of perturbative harmonics, i.e.

the characteristic plateau of HHG, when focusing a UV laser (248 nm) into neon and other noble

gasses. Their observation of 17th order harmonics and Ferray et. al’s subsequent observations

of 21st order harmonics produced with a 1053 nm Nd:YAG laser [12] was rapidly expanded on

[13, 14] and by 1992, harmonics up to the 135th order were observed [15]. At this time, it was

suspected from Fourier synthesis that the temporal properties of HHG might be suitable for

attoscience [16]. The broadband spectrum of peaks separated by regular energy intervals hints

at the temporal structure of a series of attosecond pulses separated by half the period of the

driving field. In [16], the authors went as far as suggesting that pulses as short as 30 as could

be common.

At the turn of the century, several experimental studies verified the creation of attosecond

pulses. Interferometry between two HHG sources showed features of sub-100 fs field localisation

in attosecond pulse trains [17]. Then cross-correlation of a HHG source and its driving field

in a gas target, as measured by the energy of emitted photoelectrons, measured 650 as XUV

pulses in one study [18] and 1.8 fs pulses in another [19]. Today, pulses as short as 53 as have

been measured using this method [20], which became known as attosecond streaking. Each
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of these studies on isolated pulses utilised the previously mentioned method of limiting the

harmonic generation to a single half-cycle of the driving field. This has been achieved by gating

the HHG in the temporal domain — in [20], for example, polarisation gating is used, which

limits the period for which the driving field is linearly polarised to sub-cycle. Alternatively,

frequency gating can be employed for sufficiently short (few-cycle) driving fields, where only

one half-cycle is sufficiently intense to contribute to the harmonics. Spatiotemporal separation

of high harmonic emission has also been achieved through the use of a spatially chirped driving

field, and is sometimes referred to as the ‘attosecond lighthouse’ [21].

The variation of the field maximum between successive half cycles draws attention to the fact

that, for few-cycle pulses, the slowly varying envelope approximation is invalid. As a consequence,

the carrier envelope phase (CEP) makes an important contribution to the magnitude of electric

field extrema within the pulse. In particular, the peak electric field is only maximised when

the CEP is such that the peak of the electric field occurs at the peak of the pulse envelope, i.e.

ϕCEP = 0. Therefore, changes in the CEP result in changes in the harmonic spectrum and in

particular, the cutoff energy achieved.

Measurement of the CEP has been demonstrated using the harmonic yield itself [22], by

considering the relative harmonic cutoff energies from each half cycle of the laser. The peak

intensity of a half cycle is encoded in the energy of the recombining electrons; the half cycle

cutoffs (HCOs), which are the maximum photon energies emitted due to each laser half cycle,

are visible in the combined spectrum using a spatially resolved spectrometer. The CEP can then

be determined using a retrieval algorithm which compares to a library of theoretical harmonic

yields corresponding to varying CEPs. Note, pulse characterisation is required to calculate

accurate yields. A passively stable CEP can be obtained by using the idler output of a optical

parametric amplifier [23], which has the additional benefit of increasing the wavelength, for a

higher HHG cut-off energy.

As was determined from the three-step model, HHG pulses are intrinsically chirped: electrons

ionised at tc = 0.047 optical cycles after the field maximum have the highest pondermotive

energy [24]. Electrons ionised afterwards follow shorter trajectories and have lower energy. The
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shorter trajectories recombine first, creating a positively chirped harmonic signal. Electrons

ionised before tc = 0.047 follow longer trajectories and in contrast, create a negatively chirped

signal. To create a one-to-one mapping of harmonic order to emission time, short trajectories

can be isolated by focusing the pump laser before the gas jet, not allowing them to phase-match

[25].

Utilising this knowledge, attosecond experiments have been conducted using HHG. For example,

an early experiment with ∼100 as resolution was conducted [26] by considering the resulting

harmonic signal to be a series of probes separated by the trajectory spacing for consecutive

harmonics. Relative strengths of harmonics were then used to calculate the time dependence of

the nuclear autocorrelation function and retrieve the nuclear separation using the theory in Ref.

[3], discussed previously.

Gas based high harmonic generation has also been used as either a pump or probe in time

resolved studies the structure and dynamics of matter on electronic timescales [27, 28, 29] and

is now such a well developed method that commercial systems are available.

3.1.3 Beyond gas based high harmonic generation

The three-step model interpretation of HHG relies on the concept of a localised potential,

typically atomic but also molecular, and a potential free vacuum surrounding it. The quantum

picture of solids is very different, as is reflected by their energetics which are best understood as

bands in momentum space. Liquids on the quantum scale share some of the characteristics of

each. They do not have the long range structure of solids but have some short range order and

molecular orbitals of multiple molecules are shared via bonding. High harmonic generation in

both solids [30] and liquids[31, 32] have generated significant interest in their mechanisms and

application.

The earliest observation of non-perturbative harmonics in solids [30] led to a series of studies

[33, 34, 35, 36, 37]. In contrast to a gas, in crystalline media (as is often the case for solids

used in these experiments), electrons are not bound to a molecular centre but understood

within the Bloch’s theorem to be delocalised. The mechanism for HHG in solids is therefore

47



different and, as of yet, solid HHG sources have been limited to photon energies below 50 eV

and indeed the highest energies achieved have been in amorphous solids, where the the nature

of the harmonic generation is debatable. Serious debate remains over the characteristics of solid

target HHG sources – a debate that was recently reignited with a theory of the emission not in

Bloch space [38] – and their applicability as efficient XUV or soft X-ray sources. So far, there is

not convincing evidence that such sources offer strong enough advantages over gas sources. A

particular concern is the damage accrued on solid targets on a single shot basis due to ablation,

and intensity induced colour centres (defects which introduce additional absorption or emission

features), or over time due to heating.

This is something that can be avoided in liquids, which are ‘self-healing’, but are also condensed

matter. The mechanism of high harmonic generation in liquids is unclear and much less studied.

Molecular orbitals in liquids are not free from interaction with neighbouring molecules, but no

long range order exists, and therefore they form an intermediate case between solid and gas.

The mechanism of liquid phase HHG is the subject of investigation detailed in Section 6 and a

background of the literature and full discussion is given there.

3.2 X-ray free electron lasers

Despite its many desirable properties, high harmonic generation is limited in its conversion

efficiency, so is unsuitable for applications requiring high average or peak power. In the absence

of optical methods for amplifying X-ray pulses, other methods of X-ray generation must be used.

The most common is synchrotron radiation, which is radiation from a charge accelerated by a

magnetic field and takes its name from the familiar machines for generating it. Synchrotrons

have been used for decades to produce X-ray radiation with average powers and brightness

orders of magnitude higher than HHG sources, but in general produce almost continuous wave,

monochromatic beams. Beams on the order of 100 fs can be achieved, at the expense of average

power, by ‘slicing’ electron bunches through interaction with femtosecond lasers such that only a

fraction of the electron bunch radiates. Whilst useful for some applications, this time resolution

is unsuitable for the study of processes on the timescale of electronic coherences.
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However, much of the technology, techniques, and expertise developed for electron synchrotrons

was directly transferred to linear electron accelerators, those used for free electron lasers (FELs).

FELs have been used to generate X-rays (then referred to as XFELs) with the high average powers

of synchrotrons and the pulse lengths of HHG sources. Despite not being cyclic accelerators,

they are sometimes referred to as fourth generation synchrotrons due to the mechanism of their

radiation. The advancement and use of third generation synchrotrons is ongoing [39], but their

use for ultrafast science has been mostly superseded by XFELs.

3.2.1 Basics of free electron lasing

Synchrotron radiation is in general caused by the interaction of relativistic electrons with a

periodically modulated magnetic field, causing them to accelerate and emit light according

to basic principles of electromagnetism. Contrary to non-relativistic emission from oscillating

charges, which is of the typical dipole form, relativistic effects result in a narrow cone of emission.

This can be explained by an observed squeezing of time periods by a stationary observer of the

accelerated electron bunch. Consider emission from electrons moving towards the observer and

producing electromagnetic radiation: the electrons chase the emission such that the perceived

time between two events is reduced (squeezed). In the opposite scenario, observing emission in

the reverse direction, the time observed increases. Therefore, in the forwards direction, observed

acceleration is larger and given that the electric field strength is proportional to the magnitude

of the observed radiation, it is also larger in that direction and the emission is directional. This

greatly enhances the achievable brightness. Importantly, the radiation emitted by an oscillating

relativistic electron also benefits from Doppler shifting in the forwards direction, to shorter

wavelengths, scaling with the wavelength of the oscillation, λu, and inversely with the square of

the Lorentz contraction,

λ =
λu
γ2
. (3.10)

It is this scaling which allows for the generation of hard X-rays.

Wigglers and undulators are two common instruments used to modulate the magnetic field

along the path of the electrons for X-ray generation. They are in fact limiting cases of the
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Figure 3.4: Illustration of the working principle of an undulator. Relativistic electrons travelling
along the axis of a Halbach array of magnets oscillate in the magnetic field, emitting a narrow
cone of X-ray light as they accelerate. In the far-field, there appears to be a single radiation
source, but in fact emission is greatest at the turning point in each oscillation, where acceleration
is maximised.

same configuration, a Halbach array of either permanent or superconducting magnets. They are

characterised by the deflection parameter, which is proportional to the product of the wavelength

and field strength of the Halbach array and is typically denoted as K [40]. For undulators

K >> 1, and for wigglers K << 1. Emission between individual bends in an undulator is

coherent for a narrow band of wavelengths and as such undulator emission is narrow band

and bright compared to wigglers, which have no coherence between bends. The coherence

and brightness of emission from undulators is as a result of coherence between emission from

successive periods in the undulator. This is achieved when the slippage between the emitting

electrons and the X-rays is exactly one period of the X-ray field in the time it takes for the

electrons to traverse one undulator period. An undulator and emission from an electron beam

is illustrated in Figure 3.4.

Undulator emission from a FEL, as opposed to a synchrotron, is brighter still. This can be

explained by coherence between the emitting electrons which occurs when they are bunched. To

create electron bunches in a FEL, electrons are typically emitted by the incidence of a pulse

laser on a cathode. The cathode is usually placed at the back of an ‘RF gun’, which is a cavity

capable of producing strong radio frequency fields which accelerate the electron bunch to 10s of

MeV of energy. Linear accelerators can then be used to accelerate the electron bunches to GeV
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energies, and manipulation of the electron bunches can be achieved with, for example, chicanes

for the purpose of bunch compression. Modern XFEL facilities use advanced techniques for

X-ray generation to gain advantages in their pulse properties, for example in brilliance, pulse

length, or wavelength range.

3.2.2 Microbunching, seeded FELS, and SASE

One of the most important concepts to XFEL science is the microbunching of electrons caused

by interaction between electrons and electromagnetic radiation co-propagating in an undulator.

In this situation, there is an exchange of energy governed by the interdependence of the phase

between the sinusoidal motion of the electrons and the radiation, θ, and the energy of the

electrons relative to a resonance, γ0. This is governed by the pendulum equations, derivations of

which can be found in textbooks [40] or review papers [41]. The pendulum equations describe

how the relative energy of the electrons, η = (γ − γ0)/γo, and θ change due to the interaction

between the electrons and the radiation. They are parametric in the propagation along the

undulator axis, z, and given by:

dθ

dz
= 2kuη, (3.11)

dη

dz
=

eK

2γ20mc
2
E0 cos (θ + ψ0), (3.12)

where ku is the wavenumber of the undulator, e is the charge of an electron, m is the mass, c is

the speed of light in a vacuum, E0 is the electric field strength of the radiation, and ψ0 is the

initial phase of the radiation.

From the pendulum equations, it is understood that electrons which are non-resonant (η ̸= 0)

and out-of-phase with the radiation have a change in phase, and out-of-phase electrons also

change in energy as they propagate. The overall effect is to push the electrons towards a steady

state of θ + ψ0 = (n + 1/2)π and η = 0. This is demonstrated in Figure 3.5. The result is

microbunching at periods equal to the wavelength of the radiation. Bunched electrons have

a higher current, and therefore produce higher intensity radiation in the bunch. The higher

intensities lead to further bunching, and the result is exponential gain as the electron bunch
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Figure 3.5: Evolution in θ–η phase space of an electron beam co-propagating in an undulator,
calculated by integrating the pendulum equations for an electron beam initially at η = 0. Steps
along the undulator go from black through orange to yellow. Microbunching occurs every 2π in
θ, at the zero-crossings of the electric field (ψ0 = π).

propagates in the undulator. An important parameter for characterising a FEL is the Pierce

parameter, ρp (conventionally unsubscripted, but with subscript here to avoid confusion with

density), which is inversely proportional to the gain length of the FEL as well as the length to

saturation. It can also be shown that the power conversion from the electron beam to X-rays is

approximately 1.6ρp. For modern XFELS, ρp ∼ 10−3. In the high gain regime, which is typical,

the product of ρp and the number of undulator periods is comparable to 1 [42].

The initial co-propagating radiation which seeds the radiation must be resonant with the lasing

of the undulators and electron bunch. The origin of this radiation is one of the major differences

between XFEL architectures in use today. Seeded XFELs use radiation from a laser source. The

advantage to this is that the XFEL output is characterised by the seed, and therefore typically

has greater temporal coherence, and greater stability (for example, in the spectrum).

It is also possible to ‘self-seed’, which is to co-propagate radiation from an earlier undulator

section, with the possibility of filtering the spectrum before hand. However, the brightest XFEL

sources available today utilise the process of self-amplified spontaneous emission (SASE), which

is amplification of broadband radiation resulting from the random shot noise in the electron

bunch [43].
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3.2.3 Development of XFELs for ultrafast science

Development of XFELs and advancement in scientific discovery using X-rays have driven each

other in recent decades. In the remarkable brief paper by researchers at Stanford in 1977 [44],

the first FEL was demonstrated, and produced NIR light at 3.4 µm; this followed the earlier

theory work of Madey [45]. At the time, the motivation was to be able to generate high powers

at tunable wavelengths. The first seeded FEL was seeded via a UV laser and was able to

generate tunable picosecond UV pulses between 100 and 300 nm with millijoule energies, a

source with clear applications in photochemistry. The demonstrated bunching of the electron

current is exactly that described in Section 3.2.2.

The earliest theory to realise the potential for SASE came in the in the early 1980s, independently

in the USSR [46] and in the USA [47]. In 1989, the first experimental demonstration was made

in the millimetre wavelength regime [48]; and in 1999 SASE was demonstrated in the mid IR

[49]; but it is the 2001 demonstration in the visible and UV at the Argonne National Laboratory

[50] that is widely renowned as the first in the current line of experimental progress.

By 2006, dozens of FELs were operational, with and many more were planned [51], and the

FLASH XFEL was open for users, providing gigawatt pulses between 13 and 30 nm [52, 53].

Although a few studies using FELs for applications based research can be found in earlier

literature (early examples include the ablation of tissue [54] in the IR and nonlinear optics

[55]), it was the opening of X-ray user facilities which allowed access to the broader community

which led to the application-driven progress of the past 15 years. Early experiments utilised

the unprecedented intensities in the X-ray regime for nonlinear processes, mainly multiphoton

ionisation [56, 57, 58], but also the increased flux and femtosecond pulses allowing for coherent

diffractive imaging before destruction [59].

When the LCLS facility opened in 2009 [60], not only did it provide angstrom wavelengths for

hard X-ray science, but it gave the ultrafast science community access to few-femtosecond pulses

[61] with 50 fs sychronisation to optical lasers [62]. Early experiments were again focussed on

multiphoton ionisation, but now in the new regime of the femtosecond response of atoms [63]

and molecules [64].
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Chapter 2 highlighted the importance of charge coherence in the dynamics of matter, and one

of the limiting factors in the applicability of XFEL pulses in ultrafast science is the coherence

properties of the radiation. It was shown early on that SASE in the high gain regime will select

a single transverse mode from an initially noisy distribution [65, 42], and therefore result in

good spatial coherence. However, temporal coherence is less assured and is determined by the

coherence length of the electron bunch [40],

Lcoh ≈ λ

2
√
πρp

. (3.13)

To a good approximation, within each coherence length of the electron bunch a single SASE

spike is emitted; therefore the ratio of the electron bunch length and the coherence length gives

the total number of SASE spikes. In the early operation of FLASH and LCLS, there were

typically a few hundred emission spikes in each pulse. A second implication of this is that the

overall temporal length of SASE pulses is limited by the length of the electron bunch.

Efforts to increase the temporal properties of XFEL pulses are therefore focused on controlling

the electron bunch and lasing within it. This is a rapidly evolving field, which has seen great

progress even over the relatively short timescale of this work. An early successful method for

producing pulses of controllable temporal duration, down to 8 fs was the insertion of a slotted

foil into the centre of a chicane bunch compressor [66]. Figure 3.6 demonstrates the working

principles: The electron bunch is passed through a chicane bunch-compressor; at the centre of

the bunch compressor, where the spatio-temporal tilt of the electron pulse is greatest, a slotted

foil is inserted, typically made of aluminium. When the bunch passes through the foil, all but a

small section of the bunch is Coulomb scattered and ‘spoiled’ such that it cannot lase efficiently.

This has the effect of reducing the length of the electron bunch. The length of the electron

bunch, and pulse, is proportional to the slit size. A consequence is that the total charge of the

electron bunch is effectively reduced by the same fraction, although in [66], it is shown that

the peak current remains constant down to a minimum slit size, at which very little benefit is

gained from reducing the size further.

Today, the state-of-the-art for creating short pulses relies on enhanced SASE (eSASE), which
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Figure 3.6: The working principle of the slotted foil technique for producing shorter-than 10 fs
pulses. a) A sketch of the experimental layout, with a slotted foil placed with a bunch compressor
(green), at the point where the electron bunch (red) is tilted forwards spatio-temporally. b) The
effect of the slotted foil on the electron bunch, Coulomb scattering all but a small section of the
bunch. Figure reproduced from [66] with permission of the license holder, APS.

despite only recently being implemented [67], was theorised already in 2005 [68]. The principal

components of eSASE are an infrared beam overlapping longitudinally with the electron beam

in a wiggler section and a following chicane. The infrared beam imparts a a sinusoidal energy

modulation on the electron bunch’s spatial distribution. The chicane is dispersive, i.e. low energy

electrons follow a longer path and high energy electrons follow a short path, thus mapping the

energy distribution of the bunch into space. This converts the sinusoidal distribution to sharp

spikes of the electron density, at each of the zeros of the sinusoid. The origin of the infrared

radiation in inconsequential, and the use of radiation generated by the electron bunch within

the wiggler (as previously discussed, wigglers generate broadband, low frequency radiation)

avoids the difficulties involved with synchronising the electron bunches with an external laser,

so is generally preferred. Using this technique, pulses shorter than 500 as FWHM have been

been generated and measured using angular streaking [67].

Aside from SASE based methods, there is also great potential for seeded XFELs in ultrafast
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science. In 2011, the first seeded XFEL using high harmonic generation from a Ti:Saph laser

was demonstrated [69]. However, as noted in that work, the intensity required to seed an XFEL

is set by the intensity of spontaneous emission in the undulator and this imposes a limit on

how high photon energies can be achieved. Today, the FERMI XFEL in Trieste, which is the

the only major user facility using a seeded XFEL, is able to generate wavelengths as low as

4 nm. This is possible by seeding the XFEL with a higher wavelength (deep UV) and tuning

the undulators to produce light at a harmonic of that wavelength [70]. In this way, excellent

spectral stability and coherence is achieved; however it is not possible to reach the flux nor

brightness of SASE based XFELS and the temporal properties are limited to those of the seed

laser.

As discussed in Chapter 1, measurements in ultrafast science rely on the existence of a pump and

a probe. Some spectroscopic methods use a pump and probe provided by the same pulse (for

example HHG spectroscopy); however, it is mostly necessary to be able to provide two pulses,

with a stable and controllable time delay between them. In XFELs, this has been achieved in

a number of ways. A natural extension to the slotted foil method is to use a double-slotted

foil, which leaves two temporally-separated portions of the electron beam unspoiled [71]. Each

portion of the bunch is able to lase, and the delay between the two emitted X-ray pulses is

determined by the chirp of the bunch and the separation of the slots. Due to the time-energy

mapping of the electron bunch, the energy and time separation between the bunches is correlated,

which is usually undesirable. This can be improved upon with the addition of a dispersive

section added before the undulators [72], to control the time delays.

Another method is the ‘split-undulator method’, which uses two undulators, which can be

tuned to different X-ray wavelengths (undulator K values) within the chirp of the electron

bunch, and adds delay to the electron bunch between the them [73]. Delay to the electrons is

added by adding to their path, with the inclusion of a magnetic chicane. This has the benefit

of individually tunable wavelengths; however, the pulse produced by the first undulator must

always arrive first and there is a lower limit to the time delay achievable. It is also possible

to produce two electron bunches, and to generate a pulse in each of them [74]. Provided the
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Figure 3.7: An overview of the fresh-slice method for producing two or more femtosecond pulses
with variable time delay using and XFEL, as employed as LCLS for the pump-probe experiment
in Chapter 4. The electron bunch is first modulated by a dechirper, ‘kicking’ the tail of the
bunch transverse to its propagation. An orbit corrector is then used to control which portion of
the bunch follows a straight trajectory in an undulator section, where the first pulse is generated
(this pulse arrives last). A magnetic chicane then introduces the desirable amount of delay
between the electron bunch and first X-ray pulse. Finally, a second orbit corrector selects a
different portion of the bunch to follow a straight trajectory through a second undulator section,
producing the second pulse. Figure reproduced from [75] with permission of the license holder,
Spring Nature.

central photon energies are separated by a less than a few per cent, a single undulator can be

used for both bunches.

In Chapter 4, the ‘fresh-slice’ method was employed at the LCLS XFEL to provide two X-ray

pulses, with photon energy of approximately 499 eV and 514 eV, for a pump-probe experiment.

The fresh-slice method is similar to the split-undulator method in that there are two (or more)

different undulator sections, which can lase at different wavelengths [75]. It also draws inspiration

from the double-slotted foil method, by manipulating the electron bunch to only allow lasing in

a portion of the bunch.

An overview of the method is shown in Figure 3.7. The idea is to use a dechirper to introduce

a time-dependent transverse spatial distribution to the bunch, which for a short bunch is

approximately parabolic. The result is that the trajectories followed by the electrons depends

on their position within the bunch. Then, exploiting the fact that lasing can only occur when

the electrons follow a straight trajectory through the undulators, an orbit corrector is used

to select only one ‘slice’ of the electron bunch to follow a straight through the first undulator

section. This slice, which is very short, produces a few-femtosecond pulse. A different portion

of the bunch (referred to as a ‘fresh-slice’) is selected to follow a straight in a second undulator

section, and produces a second bunch. A magnetic chicane between the two undulator sections

introduces a desired amount of delay to the electron bunch for control of the delay between
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the final X-ray pulses. In contrast to the split-undulator method, the undulator sections can

be operated in the saturation regime, allowing for higher intensity [75]. It is also possible to

extend the method to the generation of three pulses.

XFELs are large and expensive tools, and are therefore only present at a handful of national

facilities globally which are open for user experiments. They include:

• FERMI, Trieste, Italy

• FLASH, Hamburg, Germany

• European XFEL, Hamburg, Germany

• LCLS, California, USA

• PAL-XFEL, Pohang, South Korea

• SwissFEL, Villigen, Switzerland

The XFEL experiments described in this thesis have been exclusively using the LCLS XFEL.

LCLS is currently undergoing a period of upgrade to LCLS-II. One of the main components of

the upgrade is the installation of a superconducting linac, which will increase the repetition

rate to ∼1MHz, with a flux up to 1013 photons per pulse in the soft X-ray regime [76].
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[27] M. Kotur, D. Guénot, Jiménez-Galán, D. Kroon, E. W. Larsen, M. Louisy, S. Bengtsson,

M. Miranda, J. Mauritsson, C. L. Arnold, S. E. Canton, M. Gisselbrecht, T. Carette, J. M.

Dahlström, E. Lindroth, A. Maquet, L. Argenti, F. Mart́ın, and A. L’Huillier. Spectral phase

62

https://journals-aps-org.iclibezp1.cc.ic.ac.uk/prl/pdf/10.1103/PhysRevLett.88.133901 http://link.aps.org/doi/10.1103/PhysRevLett.88.133901
https://journals-aps-org.iclibezp1.cc.ic.ac.uk/prl/pdf/10.1103/PhysRevLett.88.133901 http://link.aps.org/doi/10.1103/PhysRevLett.88.133901
https://journals-aps-org.iclibezp1.cc.ic.ac.uk/prl/pdf/10.1103/PhysRevLett.88.133901 http://link.aps.org/doi/10.1103/PhysRevLett.88.133901
https://spiral.imperial.ac.uk/bitstream/10044/1/18903/2/Physical Review Letters{_}107{_}15{_}2011.pdf
https://spiral.imperial.ac.uk/bitstream/10044/1/18903/2/Physical Review Letters{_}107{_}15{_}2011.pdf
http://science.sciencemag.org/content/sci/302/5650/1540.full.pdf
http://science.sciencemag.org/content/sci/302/5650/1540.full.pdf
http://www.ncbi.nlm.nih.gov/pubmed/16513942


measurement of a Fano resonance using tunable attosecond pulses. Nature Communications,

7(1):1–6, feb 2016. ISSN 20411723. doi: 10.1038/ncomms10566.
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J. F. Hergott, T Ruchon, L Argenti, R Täıeb, F Mart́ın, and P Salières. Attosecond

dynamics through a Fano resonance: Monitoring the birth of a photoelectron. Science,

354(6313):734–738, nov 2016. ISSN 10959203. doi: 10.1126/science.aah5188. URL http:

//www.ncbi.nlm.nih.gov/pubmed/27846602.

[29] Yoann Pertot, Cédric Schmidt, Mary Matthews, Adrien Chauvet, Martin Huppert, Vit

Svoboda, Aaron Von Conta, Andres Tehlar, Denitsa Baykusheva, Jean Pierre Wolf, and

Hans Jakob Wörner. Time-resolved x-ray absorption spectroscopy with a water window

high-harmonic source. Science, 355(6322):264–267, jan 2017. ISSN 10959203. doi: 10.1126/

science.aah6114. URL http://www.ncbi.nlm.nih.gov/pubmed/28059713.

[30] Shambhu Ghimire, Anthony D. Dichiara, Emily Sistrunk, Pierre Agostini, Louis F. Dimauro,

and David A. Reis. Observation of high-order harmonic generation in a bulk crystal. Nature

Physics, 7(2):138–141, dec 2011. ISSN 17452481. doi: 10.1038/nphys1847.

[31] Anthony D. DiChiara, Emily Sistrunk, Terry A. Miller, Pierre Agostini, and Louis F.

DiMauro. An investigation of harmonic generation in liquid media with a mid-infrared

laser. Optics Express, 17(23):20959, nov 2009. ISSN 1094-4087. doi: 10.1364/oe.17.020959.

URL https://www.osapublishing.org/oe/abstract.cfm?uri=oe-17-23-20959.

[32] Heiko G. Kurz, Daniel S. Steingrube, Detlev Ristau, Manfred Lein, Uwe Morgner, and
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Tschentscher, Jochen R Schneider, Eberhard Spiller, Thomas Möller, Christoph Bostedt,
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Chapter 4

Relaxation of inner valence holes in

isopropanol cations

Chapter 2 introduces the effects of correlations on the energetics of molecular eigenstates. In

particular, Section 2.2.1 introduces the concept of the breakdown of the molecular orbital picture

of ionisation resulting from charge correlations, which can be understood by configuration

interactions to be the result of coupling between one-hole and two-hole-one-particle states. The

result is that the sudden excitation of an inner valence electron, which in the ground state is

well approximated as a Slater determinant of Hartree-Fock orbitals, into the continuum, does

not leave the molecule in a pure one-hole state of the cation

Therefore, ionisation of an inner valence electron creates an inner valence hole (IVH) with a

wavefunction consisting of a superposition of valence hole eigenstates. The dynamics which

follow can be understood from basic quantum theory describing the unitary evolution of a

quantum state. Each state, |ψ⟩ of energy eigenvalue E evolves according to

|ψ(0, t)⟩ = e−iEt/ℏ |ψ⟩ . (4.1)

The exponents of a coherent superposition of states with different energies will dephase on a

timescale inversely proportional to their energetic spread. This is a result familiar to many
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areas of physics, such as molecular rotation and alignment. The simplest case is a coherent

superposition of two states with energy separation ∆E,

|ψ(0, t)⟩ = e−iE0t/ℏ |ψ0⟩+ e−i(E0+∆E)t/ℏ |ψ1⟩ (4.2)

= e−iE0t/ℏ
(
|ψ0⟩+ e−i∆Et/ℏ |ψ1⟩

)
. (4.3)

Beating occurs with period ℏ/∆E. A 1meV energy separation beats with a 4.14 ps period, and

a 1 eV separation with a 4.14 fs period.

The energetic spread an inner valence hole wavepacket is typically a few eV and charge dynamics

therefore occur on the sub- to few-femtosecond timescale. The rapidity of this effect is derived

from the fact that it is a purely electronic rearrangement of charge, and is referred to as

charge migration. It is a different phenomenon from charge transfer, which is driven by the

non-adiabatic coupling of electronic and nuclear degrees of freedom. That is not to say that

nuclear motion does not affect charge migration and, as will be shown, it indeed has significant

impact, but the process is not reliant on nuclear motion.

Section 2.2.1 notes the early theoretical works of the 70s and early 80s in the role of charge

correlations on ionisation. It wasn’t until the later theoretical work of Cederbaum and Zelensky

[1] that the implications of this on ultrafast charge migration were studied explicitly. There, it

is shown that charge will migrate along the carbon chain of difluoropropadienone. It has also

been suggested that there is a ‘universal’ charge migration occurring in the first 50 as following

the removal of an electron [2].

Charge migration is dependent on the initial energies and coherences of the eigenstates which

make up the wavepacket; consequently, the nuclear geometry of a molecule affects charge

migration following ionisation. One case where this becomes important is in the different

conformers of a molecule, for example in Glycine where the three most common conformers in

the gas phase were shown to have significantly different charge migration following ionisation

[3]. It has also been shown that it is important to account for the fact that, even for a single

conformer, nuclei at the time of ionisation are distributed in space – the so-called zero point
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energy spread. The zero point energy spread alters the energy eigenvalues of the valence hole

and results in decoherence between the spread of nuclear arrangements. This has been studied

in the mixing of one-hole states in the outer valence [4, 5, 6] and is equally valid in the case of

one-hole mixing with two-hole-one particle states in the inner valence. Furthermore, any hole

population surviving on a timescale comparable to nuclear motion will also decohere [7, 4], and

it has been suggested that nuclear motion could play a role in the trapping of charge following

charge migration in a two-step process [8].

The modelling of charge migration is complex and computationally expensive on several counts.

Firstly, the inclusion of charge correlations required to calculate the energies and wavefunctions

of the coupled states greatly increases the dimension of the problem - even more so if higher

order couplings are to be considered.

Secondly, the initial choice of populations making up the hole wavepacket is not clear, and

there exists no complete theory for calculating this. Of particular difficulty is calculating the

interaction of the electron which is leaving the molecule during the ionisation step and the

remaining cation. As such, the sudden approximation must be invoked and this is only valid

in the sudden ionisation limit, which is the limit that the electron leaves the cation before the

electrons remaining in the cation can react [8]. Referring again to the universal charge migration

happening in the first 50 as [2], this indicates that the electron must have sufficient kinetic

energy to leave in the first 50 as.

Thirdly, the inclusion of the zero-point spread in the nuclear geometries again greatly increases

the computational cost. Practically, it requires any calculation to be repeated for a spread in

initial nuclear geometries and then summed, with the number of geometries increased until

convergence is found. Finally, including the nuclear motion again greatly increases the dimension

of the problem [6]. To date, no simulations exist in literature which account for all of these

effects and such a calculation is beyond the current state-of-the-art in quantum chemistry.

Experimental observations of charge migration therefore form an exciting benchmark for new

theory and motivation to improve on current methods.

Isopropanol is highly suitable for observing these hole migration effects. This organic molecule
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Figure 4.1: (top row) Hartree-Fock orbitals of the anti conformer of isopropanol. Carbon,
oxygen, and hydrogen atoms are respectively depicted as black, red, and white spheres. From
left to right: (a) Density concentrated on the oxygen centre and in the sigma C-C bonds; (b)
Nodal plane through O-C bond; (c) Nodal plane along mirror plane (through HOCH); (d) Three
nodal planes through terminal C atoms and through O atom (bottom row) Hartree-Fock orbitals
of the gauche conformer of isopropanol. As in anti, but with less mixing of Oxygen orbitals
with the sigma C-C bonds noticeable in (a) and (c). Image credit: Bridgette Cooper

is of sufficient size for there to be non-trivial evolution of a suddenly excited superposition

of inner valence hole states. In this molecular cation a range of hole dynamics of different

types in a single experiment may be accessible. Isopropanol exists in two conformers, anti and

gauche. These two conformers and their corresponding inner valence holes of a-type symmetry,

5a, 6a, 7a, and 8a, are shown in Figure 4.1. The 6a, 7a, and 8a states lie below the double

ionisation potential, whilst the 5a state lies above it. Given that the oxygen 1s binding energy

is 538.5 eV, their resonances for core-hole excitation from the oxygen 1s are approximately

519.5 eV, 516.5 eV, 515 eV, and 508 eV.

Figure 4.2 shows the spectral intensity plots for each of the conformers of isopropanol. Evidence

of electron correlations is already present in the splitting of what would otherwise be single

peaks into many satellites. The major difference between the two conformers is in the green

hole (the “s” of the carbon). The increased symmetry in the anti conformer means that the

two carbons on either side of the molecule in the same environment; there is no energy splitting,

and in general there is less mixing of any of one-hole-one-hole type.
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Figure 4.2: Ionisation spectrum (see Figure 2.4) for the two conformers of isopropanol. Colour
and line-type is used to differentiate the contribution from 1h states of the molecule in the
molecular orbital picture. Colours are also consistent with Figure 4.3 and the 4 states of interest,
5a, 6a, 7a, and 8a, are respectively represented by red, blue, green and purple solid lines. The
left plot shows the gauche conformer, and the right plot shows the anti conformer. Image credit:
Bridgette Cooper

Figure 4.3 shows the hole survival probability, S(t), which is the amplitude of the projection of

the wavefunction onto the wavefunction at t = 0, following impulsive excitation of these four

states. These calculations were made using the ADC(2)x method for fixed nuclear geometries.

The curves in Figure 4.3 are each for a single nuclear geometry. For a fixed geometry, creation of

a hole in the 8a molecular orbital is followed by a rapid decay, on that attosecond timescale, to

approximately 0.7. This has been described as the universal response of molecules to ionisation

[2], as the hole dissipates over the molecule. Beyond this, the population persists over tens of

femtoseconds. A hole created impulsively in the 7a orbital sees a greater attosecond decay, to

0.6, and then continues to decay non-linearly for the 40 fs duration of our simulation. For the

6a orbital, a decay over 5 femtoseconds is followed by oscillatory evolution with a period of

10-15 fs. Finally, the 5a orbital sees a fast, exponential-like decay in just a few femtoseconds.

As the nuclei are fixed, it can be determined that the dynamics arise purely from the electronic

wavepacket driven by electron correlations between states. It should be noted however that

nuclear dynamics will play a role, particularly on the timescales of their motion, i.e. on the 10s

of femtoseconds timescale.

A notable trend is that with increasing binding energy the correlation driven dynamics become

faster and more extreme. This rule of thumb, though not universally true, comes from the
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Figure 4.3: Hole survival probability in different initial (neutral) inner valence orbitals 8a
(outermost) to 5a (innermost) after single ionization of isopropanol. The survival probability
curves correspond to a mixture (1:1) of the two lowest conformers of the molecule. Dashed lines
account for convolution with a 5 fs pulse. The orbitals shapes (Hartree-Fock) are shown around
the plot for gauche conformer. Image credit: Bridgette Cooper

increased opportunity of couplings to 2-hole 1-particle states with increasing binding energy.

The 6a hole, which is the most energetic hole which lies above the double ionisation potential,

provides the most interesting case and can be understood as ‘frustrated Auger-Meitner decay’.

The hole wavepacket of the 6a state is initially well localised but the diffuse 2-hole nature of the

wavepacket draws the charge density away from the molecule as the coherences propagate in

time; but, being below the double ionisation potential, the wavepacket lacks the energy required

to decay via auto-ionisation and at later times, the phases begin to partially realign and form

revivals. It is this decay channel that is of particular interest to the measurements described in

this chapter.

Static photon absorption and photoelectron spectroscopy can be used to estimate hole lifetimes

but provide little information about the decay process itself. Therefore, a more direct method

of measuring the IVH decay path is required. Pump-probe experiments provide this direct,

time-resolved approach. Even for linear probing methods, pump-probe experiments require

a sufficient excitation fraction of the sample to have any chance of detection. This is readily

achieved for optical and infrared pumps, using tabletop lasers; however the strong fields required

for tunnelling ionisation (Keldysh parameter much less than 1) dress the system in such a

way that the resulting hole dynamics are no longer representative of the field free molecule

[9, 10]. Also, the kinetic energy of the outgoing electron is far below that required for the

sudden ionisation limit to be satisfied. Furthermore, dynamics occur on the femtosecond or even
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attosecond[11] scale, which is fundamentally inaccessible in these regimes due to the required

time-bandwidth product.

On the contrary, single ionisation from a soft X-ray pulse creates the desired hole wave-packet

in an otherwise noninvasive way as it is far from rotational or vibration resonances so does

not heat the molecule in the way that a strong field IR pulse will. Moreover, the use of soft

X-ray wavelengths offers the possibility to address transitions from the core to the valence band

of a specific atomic species, allowing an atomic site probing of the molecular hole dynamics.

Considering the options detailed in Chapter 3, X-ray free electron lasers provide the only possible

route to generating pulses for a soft x-ray pump and probe as HHG is unable to provide the

excitation fractions required. Fortunately, X-ray free electron lasers (FEL) are making rapid

progress towards shorter pulse duration, having recently reached the attosecond regime using the

XLEAP technique [12]. To measure the charge dynamics in isopropanol, access to the atomic,

molecular, and optical science (AMO) beamline at LCLS was granted, operating under the

fresh-slice mode [13].

4.1 Experimental Overview

Figure 4.4 shows an overview of the experimental scheme. The pump step of the experiment

involved single X-ray photon excitation of an inner valence hole (IVH), and the IVH state

time-dependence was probed through resonant absorption from the O 1s state at the oxygen site.

These two pulses were tuned to 35 eV and 20 eV below the K edge of oxygen in the molecule, for

pump and probe respectively, and separated by a variable delay from 0 to 30 fs. When the probe

was tuned to the appropriate energy, and following valence ionisation from an inner valence

orbital, a transition from the oxygen K shell (1s) to this inner valence hole was possible, as

shown in Figure 4.4c.

The fingerprint Auger electron signal associated with the subsequent refilling of the 1s core

hole then tracked the probe photon absorption, as proposed in [14]. The time dependence

of the absorption registers the evolution of the inner valence hole. This X-ray pump-probe

methodology provides unique access to the electron dynamics with few-femtosecond temporal
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Figure 4.4: a) Pump (499 eV) and probe (514 eV) pulses generated via the fresh slice mode with
variable delay, τ , are b) incident on a isopropanol and photoelectrons are collected. c) Shows
the molecular response to the two pulses: First, the pump ionises the isopropanol from any one
of the valence orbitals, including the creation of inner valence holes. This opens a transition to
the oxygen 1s core excited state, if the probe meets that resonant condition. The strength of
that transition is proportional to the hole population delay τ . Following this, the most common
decay channel is via Auger-Meitner decay, in which the core hole is filled and an electron is
removed from the valence, which can then be detected.
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resolution and is spatially resolved to an atomic site. Figure 4.3 shows the time dependence of

the hole survival probabilities following sudden ionisation for one conformer of isopropanol, in a

fixed geometry.

Five shifts at the LCLS AMO end-station [15] were dedicated to this experiment. Of these shifts,

two were used for setup and calibration of the FEL and its instruments. The data analysis

presented focuses on two data series, in which the FEL was tuned to the correct resonances

and the spectrometer was set to measure the decay. They will be denoted Series 1 and Series

2. Series 1 was conducted with the vernier tuned up to the resonance and the centre of the

electron spectrometer at 500 eV. Total acquisition time was 124 minutes, which makes this the

larger of the two data series. Delays of -15, -12, -9, -6, -3, -1, 0, 1, 2, 3, 5, 6, 9, 15, and 20 fs

were used, in a randomised order. Series 2 was the same photon energy and detector window as

Series 1, but with the FEL optimised for a shorter pulse duration. Delays of -3, -1, 1, 2, 3, 5, 7,

and 10 fs were used, also randomised.

4.2 Available instruments and preprocessing

The LCLS beamline and AMO end-station offer state-of-the-art instruments for single-shot

detection and diagnostics. The main available instruments for the experiment were: the main

detector, an electron spectrometer; and pulse diagnostics for the pulse spectra, intensities and

temporal profiles. These were all acquired on a single shot basis. The first step in the analysis

was to process these shots, removing noise, backgrounds, etc., and storing their output in a

manageable format. Each of these instruments and the processing that was done on each of

them on an individual basis (pre-processing) is described here.

4.2.1 Hemispherical electron energy analyser

The electron spectrometer detector was a hemispherical analyser with half-angle acceptance of

30° (1/16 of the total solid angle) and 1.25 eV spectral resolution. Note that the 30° half-angle

acceptance is insufficient for many correlation measurements, such as electron-electron covariance

mapping.
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(a) (b)

Figure 4.5: (a) Typical single-shot spectrum from the hemispherical analyser after accounting for
geometric effects. (b) Spectrum from the same shot as (a), but after using hit-finding algorithm
to identify and homogenise single electrons.

Whilst the camera which images the electrons had a square array, due to geometric effects

(MCP and slit) the usable portion of the MCP was not square. To remedy this, a perspective

transformation was done on the raw images to crop and re-scale the usable portion of the

detector such that the response due to linear effects was constant across the region of interest.

This was done using the CV2 image manipulation package. With the detector window nominally

centred at 493 eV the usable region of interest covers the window 466.8-515.9 eV. Although

hemispherical analysers are also angularly resolved, this provides little useful information for

this experiment as Auger electrons have no angular dependence; so, shots were summed over

one axis for simplicity and to reduce memory cost. Figure 4.5a shows a single shot spectrum

acquired at this window position, after accounting for geometric effects. Individual electrons are

easily identifiable on single shot images as sharp peaks in the spectra. However, they are not

homogeneous, as is desired. To rectify this, a ‘blob-finding’ algorithm was used which looked at

the geometrically transformed images and identified the positions of ‘blobs’ which corresponded

to individual electrons and added them to a histogram with each bin corresponding to a single

column (energy varies along horizontal axis) of pixels. The result is that each electron hit then

contributed equally to the resulting lineout, as can be seen in Figure 4.5b.
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4.2.2 X-ray spectrometer

Single-shot X-ray spectra of both the pump and probe pulses were acquired for every shot on a

single camera image of window 484–549.3 eV. A dark background recorded in Run 117 (with

no-lasing) was subtracted from each image. The spectra were then Gaussian filtered, and a

threshold was applied. Guassian fits were made to each shot of the lineouts. The fitting is

noticeably poor as the spectra are not Guassian; however, the central energies retrieved are

reliable and can be verified by comparison with the first moment (centre of mass) in the pump

and probe spectral ranges. Figure 4.6 shows the retrieved distributions of pump and probe

central photon energies.

(a) (b)

Figure 4.6: Distribution of pump and probe central photon energies for (a) Series 1 and (b)
Series 2 . There is a notable shift of the pump pulse to higher energies, and the probe to lower
energies from Series 1 to 2.

4.2.3 Gas detector

To measure the energy in each pulse, a low density gas detector was used [16]. This measures

the strength of luminescence in the ultraviolet (300-400 nm) following photoionisation of an inert

gas, such as nitrogen. Other methods of measuring the single-shot pulse energies were available,

such as the total electron counts and the total signal detected on the X-ray spectrometer. The

former suffers on two counts: firstly, the expected dynamics would result in a time dependent

electron signal; and secondly, the low collection efficiency and count rate would lead to poor

correlation with the true value. The latter should also provide a good measure; however,

questions were raised following the experiment regarding the input pointing stabilisation to the
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X-ray spectrometer. Nonetheless, an indication of the maximum error of the gas detector can be

found by considering its correlation with these alternate measures. Figures 4.7a and 4.7b show

two-dimensional histograms and linear regression fits between the gas detector and, respectively,

the total electron analyser counts and X-ray spectrometer signal. It correlates strongly with

the X-ray spectrometer and less well with the electron spectrometer counts, most likely due to

difference in collection efficiency between the two measures; note that not only does the electron

spectrometer not collect all angles of electron emission, but it also only collects electrons within

a set energy window.

(a) (b)

Figure 4.7: Two-dimensional histograms and regressions showing the correlation between the
available measures of intensity. (a) The total electron counts vs the gas detector and (b) The
gas detector vs the photon spectrometer

4.2.4 XTCAV

X-band Transverse Deflecting Cavity (XTCAV) is a photon diagnostic tool which works by

looking at the electron bunch after lasing and uses this information to infer the temporal

structure of the emitted pulses [17, 18]. It can be run simultaneously with data acquisition for

non-intrusive single-shot diagnostics. XTCAV works by using a X-band radio frequency deflector

to apply a time dependent force to the electron bunch, perpendicular to their propagation axis

(horizontally). In doing so, time in the bunch is mapped to the propagation axis. A dipole

magnet is then used to deflect the electron beam vertically by an amount dependent on the

electron energy. The result is that energy in mapped to the vertical axis.

At fixed intervals of the experiment, short runs were made in which no amplified emission was

84



allowed within the bunches. This generated a bank of ‘lasing off references’ which were used for

the runs immediately before or after to avoid errors introduced from long term fluctuations in

the FEL’s behaviour. Some image processing was done on these shots to mask the background of

the image and crop to a smaller area as well as some denoising. In order to reduce the statistical

error in the reference it was desirable to average over many shots. However, averaging all of

the shots means that variation between the bunches is ignored. Ideally, one wants to compare

a lasing XTCAV image with a non-lasing XTCAV image which had a similar original bunch.

As a compromise, the bunches were separated into 20 groups according to their likeness (pixel

correlation) and these groups were then averaged to form a bank of 20 references. For each of

these lasing off references, the centre of mass and RMS spread of the energy (vertical) axis were

calculated for comparison to the lasing on shots. For each laser shot in which lasing was allowed,

the XTCAV image was processed according to the same methods as the lasing off reference. The

processed image was then compared to the bank of lasing off references taken at a time closest

to the shot, to find the lasing off reference most similar. The retrieval was then done, comparing

the energy COM and RMS of the lasing XTCAV shot and lasing off reference to retrieve the

temporal profile of the lasing in the shot. Finally, a fit was then made to each retrieval and

those parameters recorded which would be useful in the data analysis for the experiment.

Figure 4.8 shows four stages of the retrieval process: the raw XTCAV images, a processed lasing

on shot, processed lasing off reference, and the fitting to the retrieval. Figure 4.9 shows the

retrieved pulse parameters from Series 1. Unfortunately, the resolution of the XTCAV is not

sufficiently high to resolve the smaller pulse from Series 2. It was however able to verify that

the pulses in Series 2 are typically shorter than in Series 1, and was able to verify the pulse

separation within the bunch and to measure its jitter. The median pulse lengths (FWHM) in

Series 1 were 7 fs for the pump and 8 fs for the probe. Note that as this is close to the resolution

limit of the XTCAV, the pulse duration is likely smaller, though this is hard to quantify.
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(a)

(b)

(c) (d)

Figure 4.8: Processing steps of XTCAV retrieval. (a) A raw image of an electron bunch from
shot with lasing (b) As in (a), but cropped and centred to the desired region of interest; (c) As
in (b) but for an average of comparable shots without lasing; (d) Pulses retrieved from (b) and
(c). Blue points show retrieval with orange line showing fit of two Gaussian pulses.
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Figure 4.9: Box and whisker plot showing the pulse parameters (pulse timings, pump-probe
delay within electron bunch, pulse intensities, and pulse temporal standard deviations) for the
pump and probe across Series 1, as retrieved from the XTCAV diagnostic. Blue boxes demarcate
the inter-quartile-range; green lines show the median, and black whiskers demarcate the range
of outliers defined by exceeding value 1.5 times the inter-quartile-range from the median. Units
for the vertical axis are shown in brackets after the parameter labels.

4.3 Normalisation, sorting, and selection of pulses

A second stage of processing was then done, with the aim of resolving a noise and artefact free

time dependent Auger yield. The main function of this round of processing was to normalise

the data to the fluctuating parameters of the FEL, to remove anomalous shots for which the

parameters are not useful for the measurement, and to sort the remaining shots according to

the shot parameters (pump and probe energies, delay, etc.).

FEL data is intrinsically noisy due to the dependence of pulses on the electron injection into

the undulators and the tuning of the FEL. Shot-for-shot fluctuations lead to noisy signals, thus

requiring increased statistics; and slower changes such as those when tuning the FEL to change

the time delay, can lead to time dependent artefacts. Suppose that the time dependent signal

f(τ) also depends on the fluctuating experimental parameters Xi, such as the pulse energy,

pump-probe ratio, photon spectrum, etc.

f(τ) = f(τ,X1, X2, ...) (4.4)
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The data analysis process aims to find the best estimate for the population mean of f given the

sample of shots during the experiment. The error of the mean is typically
√
s2f/(N − 1) where

s2f is the variance and N is the total number of shots. The variance of the signal at fixed time

delay depends on the variance of the parameters it depends on and how strong the dependence

is, according to

s2f (τ) =

(
∂f

∂X1

)2

sX1

2 +

(
∂f

∂X2

)2

sX2

2 + ... (4.5)

Furthermore, time dependent artefacts due to the FEL tuning can be expressed as time

dependence of the parameter means, X̄i(τ). Shot normalisation, which multiplies the signal by

a parameter dependent factor, aims to reduce the dependence of the signal on the fluctuating

parameters, ∂f/∂Xi. Removal of shots with undesirable properties, referred to here as shot

discrimination, aims to remove the parameter dependence on time and reduce the variance of

each parameter. It also allows for the shifting of parameter means to desirable values (short

pulse lengths, high pulse energies etc.).

The effectiveness of both normalisation and shot discrimination depends on the quality of the

diagnostics, and can be measured by looking at the variance of the signal. For the normalisation,

this means finding the functional dependence of the signal, i.e. the electron kinetic energy

spectra, on the diagnosed parameters. The two most important parameters to correct for were

the pulse energy, as measured by the gas detector, and the pump-probe-ratio, as measured by

the X-ray spectrometer.

One would expect the electron signal to vary approximately linearly with the pulse energy

(assuming the nonlinear signal to be small). Figure 4.10 shows the dependence of the gas

detector with the total electron signal for Series 1 and 2. An important step in normalisation

was recognising that there is a non-zero y-intercept in this relationship. Correcting for this led

to a reduction of the variation of the total electron signal across the range of gas detector values

from 7.2% to 1.0% for Series 1 and from 4.5% to 1.5% for Series 2.

Variation in the pump-probe intensity ratio required more complicated normalisation as the

dependence of the electron spectra on the pump-probe signal varies across the binding energy

range of the electrons. I.e, parts of the spectrum dominated by pump excited electrons will
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(a) (b)

Figure 4.10: Linear dependence between the pulse energy measurement of the gas detector and
the unnormalised total electron signal for (a) Series 1 and (b) Series 2. These were obtained by
binning the shots according to their gas detector values and averaging the electron spectra and
summing them.

increase with pump-probe ratio whilst probe dominated regions will decrease. Figure 4.11a

shows the photoelectron spectrum at various pump-probe-ratios. Therefore, a linear dependence

was found individually for every energy bin, resulting in a ‘spectrum’ of gradients, m(E), and

intercepts, c(E). For every shot and energy bin, modifying the spectrum

f(E) → f(E)− c(E)

PPR
+ c(E), (4.6)

the result is a spectrum as it would be with a pump-probe-ratio of 1. Figure 4.11b shows

normalised electron kinetic energy spectra, demonstrating that the normalisation works for all

but the most extreme cases.

The scientific case for normalising to total energy and pump-probe ratio is clear. Other factors,

such as the spectral widths and relative energies between the pulses, have less trivial effects

on the electron spectra and are thus more difficult to correct for. Fortunately, the pulses are

generated from the same electron bunch; therefore the variance of the relative energies is much

smaller than the variance of the individual energies, and has little effect on the result. Figure

4.12 shows the correlation between the pump and probe photon energies by looking at the

average probe photon energy for shots binned by pump photon energy.

Despite the normalisation and the randomisation of the order of the run delays, there was still
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(a) (b)

Figure 4.11: Electron kinetic energy spectra for various pump-probe ratios from Series 1, before
(a) and after (b) normalising to the pump-probe-ratio. In (b), only for data in the lowest
pump-probe-ratio bin does the spectrum deviate greatly from the other shots.

Figure 4.12: Dispersion of the pump photon energy with probe photon energy in Series 1.

concern that variation of the FEL parameters between runs could have led to artefacts in the

data. The pump-probe ratio was of particular concern. The variation of pump-probe ratio with

the measured delay in Run 5 - Shift 1 is shown in Figure 4.14a.

The simplest method of reducing this variation is to only allow shots within a specified, narrow

band of values. This was done for the gas detector and the XTCAV delay. Doing this is effective,

but some delay dependence persists as there may be a skewed distribution within this narrow

band, and there is an expensive reduction in the statistics. Therefore, an improved method

was used: Firstly, a desired pump-probe ratio was chosen (1). Then shots outside of a broader

band (0.9 < PPR < 1.1) were discarded. Remaining shots were binned according to their

pump-probe ratio, then the bin bounding the desired value was identified. The minimum of
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Figure 4.13: Example of down-selection of shots based on their pump-probe ratio. The blue
histogram shows the original distribution of pump-probe ratios for the first 4000 shots of Run
213. First, the data is reduced to those shots which lie in a given range. In this graphic, the
range is 0.75 to 1.25, but a range of 0.9 to 1.1 was used in the analysis. Then, the bin containing
the desired mean, 1, is identified and can be labelled as xm. Then, the bin to the left, xm−1,
and to the right, xm+1, of this are found. The bin to the left has ym−1 shots in it whilst the
bin on the right has ym+1. If ym+1 > ym−1, ym+1 − ym−1 shots are thrown away from bin xm+1.
Conversely, if ym−1 > ym+1 , so ym−1 − ym+1 shots are thrown away from bin xm−1. This is
repeated for bin pairs [xm+2, xm−2], [xm+3, xm−3], etc.

the counts in the bin to the left of this bin and the counts in the bin to the right of this bin

was then found and excess shots discarded from the more numerous bin. This was repeated

for the bins 2 to the left/right, 3 to the left/right, etc. In this way, a symmetric distribution

of shots centred around a desired value was reached. Figure 4.13 shows graphically how this

method works. Typically, 5-10% of shots are thrown away at this stage. Figure 4.14b shows the

variation in the pump probe intensity with delay after adopting this method.

Time-dependent spectra were found by binning the shots into time and probe energy bins,

creating large 3-D arrays with axes corresponding to delay, probe energy, and electron energy

and each element containing the normalised number of electron counts in that bin. A second,

2-D array of time and probe energy contains the number of shots in each bin, necessary for

weightings in the further analysis. The time delays were determined by accounting for the

chicane delay (which was changed to change the delay), the temporal spacing of the lasing

within each bunch, and the slippage between the generation of light and the electron bunch
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(a) (b)

Figure 4.14: Mean pump-probe ratio in each measured time bin (a) before shot discrimination
and (b) after shot discrimination. Note that the arithmetic mean, which is used here, skews the
mean to higher values and gives the impression that the pump is stronger than the probe - e.g.
the arithmetic mean of 0.5 and 2 is not 1.

(approximately 2 fs).

The process being investigated as the probe is resonant, so the approach taken was to define a

resonant region and look for relative time-dependent dynamics at this resonance as compared to

off of the resonance. The resonance is expected to be broad due to the short lifetime of the core

excited state. This means that the region identified as off-resonance may in fact be in the tail of

the resonance and may also be time-dependent. Nonetheless, the dynamics should be stronger

at the peak of the resonance so looking at their difference still identifies signal. It is also useful

to subtract a large negative time delay (τ = τ−) or a large positive time delay (τ = τ+) in

order to set a baseline for an increase or decrease in counts. If the on-resonance (off-resonance)

electron kinetic energy (Ee) signal at delay τ is f(Ee, τ)on (f(Ee, τ)off), the signal is then

∆f(Ee, τ)−∆f(Ee, τ = τ+/−); (4.7)

∆f(Ee, τ) = f(Ee, τ)on − f(Ee, τ)off . (4.8)

4.4 Results

During the experiment, runs of data with lasing only in the pump undulators were taken

intermittently. Unfortunately, it was not possible to do the same for the probe, but nonetheless,
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Figure 4.15: Pump only electron kinetic energy spectra shifted with the pump photon energy.
Pump spectra are binned into 0.5 eV bins and then averaged. The averages of four bins are
displayed, with the bin centre shown in the key.

the pump only spectra provide useful information for interpretation of results. Figure 4.15 shows

the pump-only spectrum taken concurrently to Series 1. The single shot spectra were binned

according to photon energy and averaged. Before doing so, the single shot spectra were shifted

according to the pump photon energy as the kinetic energy of photoelectrons and resonant

Auger electrons typically increase linearly with the photon energy.

Figure 4.16 shows typical spectra for different probe energies where both the pump and probe

pulses are present. The result is a superposition of the pump spectrum in Figure 4.15 and a

similar spectrum translated by the difference in the pump and probe energy, approximately

14 eV. The electron kinetic energies are shifted by the probe photon energy. For the probe

photoelectrons and resonant Auger electrons, this corresponds to the binding energy. This is

not true of the pump driven part of the signal but, as the pump and probe disperse almost

linearly, is approximately the binding energy offset by 14 eV.

The larger number of shots acquired in Series 1 makes it suitable for the identification of

resonances within the probe signal. To do this, the shots were binned into larger bins in the

probe photon energy (1 eV) to increase the statistics in each bin and the magnitude of the

transient signal was found by summing spectra for small time delays and subtracting averaged

spectra from large negative time delays. The resulting absorption spectrum, plotted in Figure

4.17a, identifies spectral regions with transient dynamics. Three regions are shaded. The blue
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Figure 4.16: Pump and probe electron kinetic energy spectra shifted with the probe photon
energy. Spectra are binned into 0.5 eV bins and then averaged. The averages of six bins are
displayed, with the bins shown in the key. Pump photolines also move with the probe with
dispersion of almost 1.

and green regions have a positive transient signal and correspond to where the resonances

corresponding to the oxygen 1s → 6a and oxygen 1s → 7a transitions were predicted to occur.

The grey shaded region corresponds to a region away from resonance with a significant number

of shots which can be used to subtract the off-resonant signal. Looking specifically at these

regions, Figures 4.17b and c show the transient Auger yield (see Eqn. 4.8) associated with the

filling of the 6a and 7a holes (colour coded to Figure 4.17a), which corresponds to the hole

population and can interpreted as mapping the hole lifetime following ionisation.

The lesser statistics in Series 2 makes a similar analysis of the transience difficult; however, the

shorter pulse duration makes it more suitable for the study of the faster migration of the 6a

hole. The advantage is two-fold: a shorter pulse is able to better resolve the state lifetime and

the peak signal is larger due to the reduction in time-averaging of a rapid decay. Series 2 shows

a clear time-dependent signal centred at approximately −20 eV, on the right shoulder of the

largest peak of the spectrum. Summing along the energy axis between −15 eV and −25 eV,

a time dependent ‘total signal’ can be found. Figure 4.18 shows this signal. The signal has

been divided by the sum of the average spectrum in this region to find a fractional change.

The peak change of just over 2% is in line with expectations prior to the experiment, given

the collection efficiency of the detector. Note that whilst fractionally smaller than the peak

transient signal found for Series 1, this electron energy region sits on a larger background of
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Figure 4.17: (a) Probe central photon energy dependence of residual signal at delay ∼0 fs. (b)
Time dependence of residual resonant high kinetic energy electron signal at higher probe photon
energy, about expected 1a → 7a transition (green), and (c) time dependence of residual resonant
high energy electron yield at lower probe photon energy about expected 1a → 6a transition
(blue). Fits to an exponentially modified Gaussian functional form are shown in black and the
extracted decay time is given in each panel.

direct photoelectrons and is, in fact, approximately twice as large when normalised to the total

photoelectron signal. Figure 4.18c shows the residual signal at small positive time delays. A

∼8 eV peak centred at ∼21 eV binding energy can be seen, despite the small signal-to-noise

ratio.

Up to four electronic states are involved in the resonant decay: the Oxygen 1s and the 6A state

which it is excited to; a second valence state which decays to the Oxygen 1s hole; and a third

valence state from which an Auger electron is emitted, c.f. Figure 4.4. The Auger electron

kinetic energy is E3 + E2 − EO1s where E3, E2, and EO1s are the binding energies of the third

valence state, second valence state, and Oxygen 1s state respectively. A binding energy of 21 eV

corresponds to E3 + E2 =≈45 eV. This could correspond to e.g. two electrons from the 7a

orbital, or 1 electron from the 5a orbital and one from the 9a orbital (see Figure 4.2).

4.5 Discussion

The importance of this result lies both in the experimental method, which lays precedent for

site-specific probing of hole dynamics in a molecular system and in the result obtained in this

95



Figure 4.18: (a) Residual electron spectrum of Series 2, between −25 eV and −15 eV, shown
as a fraction of the average (on and off) signal in this region. The average of delays less than
−1 fs is subtracted. (b) The residual electron yield integrated between −15 eV and −25 eV, as
a function of time delay. (c) The kinetic energy spectrum of the residual electron yield, found
by integrating over all time delays. A peak between −15 eV and −25 eV is found. (a) and (b)
share their horizontal axis.

specific system, isopropanol, which is itself if interest from a theoretical viewpoint.

The key element to the experimental method is the use of a resonant probe process which

utilises many of the fundamental principles outlined in Section 2: by selecting a probe which

lies energetically just below the oxygen K-edge, the existence of virtual orbitals within the

energy range of the continuum allowed us to use the resulting resonant decay as a fingerprint for

measuring state populations. This is significant as the non-resonant pump excites a broad range

of dynamics within the target ensemble. Typical probes are unable to unravel this multitude

of dynamics and interpretation is challenging. However, in this experiment, by utilising this

resonant probe and by sorting statistics acquired with different energy probes, the hole lifetime

signatures from different ionisation channels have been separated unambiguously. This can be
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seen in the different time traces from the 6a and 7a states in Figure 4.17. This measurement

gives precedent for the study of correlation driven dynamics in extended quantum systems

where the interpretation of results is complicated by the size of the system, e.g. in polymers or

biological systems.

This can be described as a data driven approach, utilising high volumes of data which covers

a large phase space of pump and probe pulses. This puts an emphasis on the importance

of effective diagnostics, data collection, and data processing. Higher repetition rates (tens of

MHz) are now readily achieved using superconducting LINACs and require development of new

detectors to allow single-shot accumulation, but are able to produce even higher volumes of

data and increases the practicability of these analysis methods, which may become increasingly

common.

Another benefit of this method is that is is able to utilise the large shot-to-shot instability of

the SASE mode of operation, which XFELs use to reach the highest pulse energies. These

fluctuations are typically unwanted and when looking at a resonant signal many shots are often

thrown away during data analysis. In contrast, the fluctuations in this experiment allowed us

to cover two resonances as well as acquire off resonant data, temporally integrated into the

acquisition, for comparison. With larger fluctuations (or some additional tuning) and greater

statistics, it may have also possible extract the dynamics associated with the 5a and 8a holes

(see Figure 4.2). This experimental outlook, favouring measurement over control, is well suited

to XFEL light-sources and is best exemplified in the spectroscopic analogue to ghost imaging

[19], spooktroscopy [20].

With regards to the insight provided by this measurement on the inner valence hole migration of

isopropanol, this measurement provides confirmation of the behaviour found from theory for the

6a IVH, demonstrating that this is an extremely transient hole state with only a few-femtosecond

lifetime before relaxing into other states. Consistent lifetimes of 5.1 ± 3.2 fs and 1+2
−1 fs were

measured in the two series of measurements with longer and shorter probe pulses respectively.

The timescale of this measurement, an order of magnitude faster than nuclear dynamics, suggest

purely electron correlation driven charge motion, i.e. charge migration. However, in comparison
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Figure 4.19: Inner valence hole lifetimes 5a, 6a, 7a, and 8a, considering the initial spread in
nuclear geometries. For each IVH, single trajectories corresponding to one geometry are plotted
coloured and in low alpha. The sum of these geometries is shown in black for each plot. The
ensemble averaging is shown to ‘wash out’ the partial revivals which can be seen in individual
molecules, as is particularly visible in the 7a IVH. Image credit: Bridgette Cooper

to the ab intio calculations shown in Figure 4.3, the dynamics are shorter-lived and lack revivals

coherent revivals of the IVH population.

To understand this, calculations were made of the hole lifetimes which include non-zero spreading

of the initial nuclear geometries by averaging over an ensemble of approximately 500 nuclear

geometries for each IVH1. Even when considering fixed nuclei following excitation, the precise

nuclei position at the time of impulsive ionisation changes the resulting dynamics. This is

unsurprising when considering the significant differences between visually similar conformers

1Calculations were made by theory collaborator Bridgette Cooper, not the author.
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which can be seen in, for example, the spectral intensities of the 7a holes for the gauche and

anti conformers of isopropanol (c.f. Figure 4.2). The result of these calculations is that the

zero-point geometry masks the partial revival dynamics due to a phase spread between the

revivals of different geometries, as can be seen in Figure 4.19.

For the 7a state the experimental measurements show contrasting dynamics to both the

calculations considering and not considering the initial nuclear spread. The former predict

an initial rapid decay followed by a quasi-stable hole population of approximately 0.3. These

calculations fix the nuclear positions during the charge migration; in reality, there is significant

nuclear motion on the ∼ 10 fs timescale which explains the decoherence measured in the

experiment. For instance, this could be caused by a lengthening of the carbon-carbon bond

coupling to the electronic wavepacket.

The contrast in the success of calculations of the 6a and 7a IVH dynamics emphasises the role

of nuclear coordinates. In both cases, it is important to consider the initial spreading in nuclear

geometries. Despite referring to charge migration as ‘purely electronic’, when fixing nuclei and

separating nuclear and electronic motion as in the Born-Oppenheimer approximation, it is after

all the chemical environment set by the nuclei which determine the electron wavepacket. In the

case of charge migration occurring on the timescale of even slight nuclear motion, the motion

cannot be ignored.

This also suggests that nuclear motion imposes a limit on the lifetime of electron coherences

in molecular systems. It remains an open question whether charge migration — again, note

that this is charge movement of the electronically driven type — can play a role in the efficient

charge transfer across large molecular systems. This may be possible if, for instance, stable

nuclear arrangement can be found which restricts more the freedom of nuclei, such as those on

aromatic rings.
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Chapter 5

Towards X-ray spectroscopy in liquid

targets

The previous chapter demonstrated the use of ultrafast spectroscopy in isopropanol vapour.

Although that study provides insight into electron dynamics and helps to advance our general

understanding, vapourised isopropanol is not of specific interest to many applications. Many

systems are of more interest due to their role in chemistry, and most chemistry occurs in the

liquid or solution phase. This presents a challenge for X-ray science due to the difficulties in

delivering liquid targets in vacuum. Liquid cells with windows on the order of 100 nm thick

have been successfully used for soft X-ray absorption measurements [1], but are costly to X-ray

flux and are unsuitable for most pump-probe measurements due to damage from strong-field

pump and very low transmission of UV pumps.

More recently, free-flowing in-vacuum liquid targets have been designed. This chapter focusses

on the delivery of these targets with specific reference to time-resolved (pump-probe) XAS

measurements. Section 5.1 looks at the necessary features of a liquid target, and summarises

by identifying a few of the available solutions. Of those solutions, two are particularly suitable

for the applications, one which is commercially available and one which can be fabricated

in-house. Section 5.2 details the methods used for fabricating the latter; Section 5.3 covers the

development of a vacuum chamber for liquid phase XAS; and finally, Section 5.4 discusses the
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design and commissioning of a flatfield spectrometer for XAS and presents an XAS spectrum of

liquid ethanol.

5.1 Liquid Target Requirements

An important factor in the success of any absorption measurement is the thickness of sample

being measured. The sample being studied must be thick enough that the length of the beam-

path within the sample, L, divided by the attenuation length, µ−1, provides significant contrast

between the absorbed and unabsorbed spectra. However, the absorption length must be small

enough that at the most strongly attenuated photon energy of interest, the measured signal is

resolvable above any detection noise. In a time resolved measurement, it is the difference in

optical density (absorption) that is of importance. The measurable change in optical density

is determined by the resolution of the measurement. Therefore, an estimation of the required

thickness to maximise resolution is required.

The transmission of an X-ray pulse through sample at a given frequency, ω, in an ideal

measurement is governed by Beer’s law,

T =
AT (ω)

A0(ω)
= e−µL, (5.1)

where AT (ω) and A0(ω) are the amplitudes of the transmitted and incident pulses respectively,

and µ is the attenuation coefficient. µ is proportional to the cross-sections for transitions in the

sample and is therefore the quantity to be measured. Simply rearranging,

µ(ω) =
1

L
ln
A0(ω)

AT (ω)
. (5.2)

Therefore, µ can be determined for a given frequency if the spectral amplitude of the incident

and transmitted pulse is known. Changes in the attenuation coefficient due to a pump are

similar, but with the input and transmitted amplitude replaced by the unpumped and pumped

sample respectively, and the same arguments hold.
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The thickness of a target should be chosen to minimise the fractional error in measuring µ.

Specifically, the thickness of the target should be chosen to minimise the standard error of a

maximum likelihood estimate of µ, which is related to the variance, Var (µ), and number of

measurements, N , by

SE (µ̂) =
Var (µ)√

N
(5.3)

Variance is introduced by errors which propagate from many sources. Firstly, coherent states

of light are subject to poissonian counting statistics, and any measurement of the amplitude

is therefore subject to a minimum error in its measurement. Additionally, any real detection

method has error in the readout of the detector. These errors are of similar consequence and can

combine to shot-for-shot noise, ϵsfs. Furthermore, it is not possible to simultaneously measure A0

and AT . Instead, measurements of the spectrum are made with and without sample alternately

(or pumped and un-pumped) and it is assumed that consecutive spectra are on-average the

same. As a consequence of the lab-time separation of these measurements, any instability in

the XUV source will lead to a discrepancy in the measured incident amplitude and the actual

amplitude. If the fractional error between these two values is ϵstab/A0(ω), the measurement

from one sequence of consecutive spectra is given by

µi =
1

L
ln
A0(ω) + ϵ0,sfs,i + ϵstab,i

AT (ω) + ϵT,sfs,i
, (5.4)

This maximum likelihood estimator of µ after N repeats is given by

µ̂ =
1

L
ln

∑
iA0(ω) + ϵ0,sfs,i + ϵstab,i∑

iAT (ω) + ϵT,sfs,i
. (5.5)

Its variance is

Var(µ) =

(
1

L

)2(
Var (ϵ0,sfs) + Var (ϵstab)

A0(ω)2
+

Var (ϵ0,sfs)

AT (ω)2

)
=

1

(LA0)2

(
Var (ϵstab) +

(
1 +

1

T 2

)
Var (ϵ0,sfs)

)
=

1

(LA0)2
(
Var (ϵstab) +

(
1 + e2µL

)
Var (ϵ0,sfs)

)
.

(5.6)
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This is in line with intuition: for very low thicknesses, the error is resulting in a greater change

between the sample-in and sample-out spectra than the absorption; and for long lengths, the

sample-in spectra have intensity comparable to, or smaller than the shot-for-shot noise which

dominates the error in the result. A balance must therefore be found which depends on the

relative magnitude of the errors and A0.

These are estimated from test data of harmonic spectra at the sulphur L-edge and carbon

K-edge. The magnitude of ϵstab depends on the time between acquisitions and the frequency of

drifts in the harmonic spectrum. For 1% energy intervals at the sulphur L-edge and carbon

K-edge, the magnitude of drifts increases below approximately 5Hz [2]. Acquiring at 5Hz

therefore gives most of the benefit in reducing the drift whilst minimising the ratio of readout

noise to signal. The poissonian component of Var (ϵsfs) is known from the number of photons.

For 200ms exposures (i.e. at 5Hz), there are approximately 8000 photons in a 1% bandwidth

at the sulphur L-edge and 800 photons in a 1% bandwidth at the carbon K-edge. Accounting

for the different number of pixels in each spectral region, the read-out noise in the CCD in its

1MHz readout mode is the equivalent of 117 photons at the sulphur L-edge and 148 photons at

the carbon K-edge. The remainder can be attributed to drift, and for 200ms exposures has a

standard deviation of 80 photons at the sulphur L-edge and 350 photons at the carbon K-edge.

Figure 5.1 shows how the fractional error varies as a function of the transmission for a range of

input errors. The measured values of Var (ϵstab) and Var (ϵsfs) are 0.015A2
0 and 0.065A2

0 at the

sulphur L-edge and 0.019A2
0 and 0.42A2

0 at the carbon K-edge. At both edges, the optimum

transmission is approximately 33%, where the signal to noise ratio is 7.5% at the sulphur L-edge

and 18.9% at the carbon K-edge. Given that typical absorption lengths of organic materials in

the soft X-ray are between a few and ten micrometres off resonance and typically of the order of

one micrometre on resonance, targets of this order are required. For example, isopropyl alcohol

(IPA, C3H8O) has an attenuation length of ≈ 5 µm at 190 eV [3], which is close to the sulphur

L-edge and below the carbon K-edge.

Another important point to consider which limits the thickness of a target is temporal walk-off.

Pump-probe experiments rely on a a fixed temporal spacing between the pump and probe,
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Figure 5.1: Calculated fractional error in a 200ms measurement of µL (i.e. absorption) in a 1%
bandwidth range, as a function of transmission, T , at the sulphur L-edge and carbon K-edge.
In both cases, error is minimised for T at approximately 33% and a workable range is roughly
between 10 and 50%.

which must be maintained throughout the sample. However, given that the pump and probe

have wavelengths that differ by orders of magnitude, their refractive indices in a target will vary

significantly and the pulses will separate, limiting temporal resolution. For example, taking

typical refractive indices to be approximately 1 and 1.5 for the probe and pump respectively,

the temporal walk-off in the time taken for a probe to traverse a one micron thick sample is

1.6 fs. This also limits the sample thickness to approximately microns, with the exact amount

depending on the resolution required for the experiment, the length of the pump and probe

pulses, and the refractive indices.

In addition to the thickness of the target, there are other important design considerations.

Firstly, it is necessary that the jet is flat over the size of the incident X-ray beam. If the jet

is not flat, the wavefront of the X-rays will be distorted and will reduce the resolution of the

spectrometer. It is also important that the liquid is collectable, and as previously discussed, the

target must be delivered in vacuum. Therefore, it is necessary that the liquid can be efficiently

collected whilst maintaining a vacuum. With a thin, stable cylindrical jet of liquid, this can
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be achieved using a cone with a small hole underneath the jet and pump to remove liquid and

maintain a vacuum. Finally, it is also desirable that the liquid have a high enough velocity that

each successive laser shot irradiates a new portion of the sample - i.e. such that the target can

be considered ‘self-healing’. Taking a conservative estimate of beam size to be 1mm and a pulse

repetition rate of 1 kHz, this then requires a velocity of at least 1m s−1.

5.1.1 Methods of creating micrometer flatjets

There are a number of methods available for the creation of the thin, flat, free-flowing liquid

targets required, which can be referred to as flatjets. They each work on a similar principle

from fluid dynamics, which has been known since the early work of Taylor [4]. As two equal

cylindrical jets combine, their momentum components on the axis of the collision cancel out,

and due to the incompressibility of the liquid, momentum is produced in orthogonal directions.

The result is a spreading of the liquid into a thin sheet. The sheet then reforms into a leaf shape,

due to the surface tension of the liquid. This can be scaled to the micro-scale, with the initial

momentum, specific geometry and physical properties of the liquid determining the properties

of the sheet. An in-depth analysis can be found in [5].

The earliest published example is from 2015, which most closely follows the work of Taylor, by

colliding micrometer thin cyclindrical jets [6]. Whilst this technique is capable of producing

suitable flatjets, there are simpler methods available.

Galinis et al. developed a simpler method [7], which uses the geometry of a nanofabricated

nozzle to emulate the flow of a colliding jet. Internal walls of the nozzle direct opposing liquid

flows such that they meet at the nozzle exit, and a flatjet is formed. The nozzles are referred to

as fan spray nozzles, due to their similarity with macroscopic nozzles of the same name used in

a number of engineering applications which require large surface area to volume ratios [8].

Recently, an alternative commercially available method developed by the DePonte group [9] has

become available. The principle is similar, requiring a transverse momentum to ‘open’ the leaf;

however, the transverse momentum for the nozzles is created instead by micro-channels of high

pressure gas interfacing with a cylindrical microjet at an angle. The gas and liquid channels are
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Figure 5.2: Sketches of macroscopic liquid sheets formed by the collision of two macroscopic
cylindrical jets, for three difference collision angles, reproduced from [4]. The principle for
microscopic jets is similar, in the low angle regime of the bottom sketch. Figure reproduced
with permission from the license holder Royal Society (Great Britain).

etched into glass, using the existing technology for microfluidics. The properties of the jet can

be controlled by the relative flow volumes in the gas and liquid channels. These nozzles are

referred to as gas dynamic nozzles and are fabricated in nano-fluidic glass devices: two glass

substrates have channels etched into them on their surface, and the etched surfaces are adhered

to form channels at their interface. A through-hole is etched into one the halves for connecting

the gas and liquid channels. These small liquid channels require low flow volumes but high

pressures (∼10 bar), which can be generated using an HPLC pump. An interesting second use

of these nozzles is that if liquid is projected from the nominal gas channels, due to the geometry

of the nozzles, they will collide. These colliding cylindrical liquid microjets will also form a flat

liquid sheet. This offers another possibility for creating flatjets.

The gas dynamic nozzles in the colliding geometry and the fan-spray nozzles are particularly

suited for XAS measurements. Neither require alignment, other than their positions and

rotation, and are capable of producing stable and repeatable flatjets; they also do not require

the additional use of gas, which will also absorb; and they are capable of producing optically

flat sheets on the order of 1µm. There are differences in the flatjets they produce, which are

explained in detail in [10] along with details on the operation of those flatjets. The fan spray
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nozzles produce larger flatjets, approximately by a factor of 2 in each dimension. The structure

of the fan spray nozzles is also designed to guide the expansion of the liquid sheet after the

collision, which dampens surface wave formation, but also means that the internal geometry

must be optimised for the liquid physical properties and cannot be used generically.

Fan spray nozzles were used for all of the measurements shown in Chapter 6 and gas dynamic

nozzles in the colliding geometry were used for the absorption measurements shown in Section

5.6.

5.2 Nano-fabrication of fan spray type nozzles

The manufacture of fan spray nozzles was completed via 3D printing using a photoresist. A

photoresist is a material which changes either its structural or chemical properties, or both, in

response to exposure to light. They are commonly used in photolithography, most notably for

the microfabrication of semiconductor integrated circuits. For this work, the photoresist IP-S

(Nanoscribe GmbH) was used. IP-S is a viscous liquid monomer which polymerises when it

interacts with 390 nm light. It is a negative resist which, when polymerised, is rigid and cannot

be dissolved in common solvents. The typical method is for a photoresist to be applied to a

substrate, and for designated areas (typically controlled using a mask) to be exposed to light.

The substrate and resist are then developed in solvent to remove the unexposed (for a negative

resist) photoresist, leaving a 2 dimensional pattern on the substrate.

Extending this method to the manufacture of 3D structures poses some technical difficulties in

exposing a precise volume within a thick layer of resist. Clearly, a mask cannot be used. It then

seems intuitive to use the focus of a laser to create high resolution structures. However, the rate

of one-photon polymerisation is linearly dependent on the laser intensity and despite a laser

being most intense at its focus, there is still a appreciable amount of polymerisation beyond the

Rayleigh range. To solve this problem, two-photon polymerisation using a 780 nm laser creates

a quadratic dependence on the laser intensity, which is sufficient to confine polymerisation to a

spot smaller than the focus.
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(a) (b) (c) (d)

Figure 5.3: Microscope images of two substrates under a 10× microscope objective. Four
images are shown due to the depth of field achievable with the microscope only allowing viewing
of the base of the substrate or the peaked structure. (a) and (b) show the base of the substrates
drilled on aluminium and laser cut in stainless steel respectively. In aluminium, some scratches
and digs are visible; however, in general the surface is is smoother than in stainless steel, which
often features damage from the laser drill as can be seen on the right of (b). (c) and (d) show
microscope images of the same substrates as (a) and (b) respectively, but with the microscope
focus further from the substrate, on the top of the peak structure. Clearly, the hole formed in
the aluminium substrate is more symmetric; in (d), crater-like damage from the laser cutting
has cause a thicker, uneven edge.

The method for producing liquid flat sheet nozzles using such a printer was developed in

house by Galinis et al. [7] and works as follows: Firstly, due to the long time taken to print

large structures, mountable substrates for the nozzles were made in the physics department

workshop at Imperial College. In order to make the substrates, a 150 µm hole is made in sheet of

aluminium. A lathe is then used to form a small peak around the hole and the substrate is then

milled to form an oval, 1mm by 3mm. The use of a 150 µm drill-bit is technically challenging,

so attempts were made to laser drill holes on stainless steel substrates, with the hole drilled

after forming the peak and milling. Figure 5.3 shows microscope images of the drilled and laser

cut substrates, for comparison. Though offering a simpler method for manufacture, the laser

cutter used creates a less precise hole than the drilled holes in aluminium and most samples are

unusable.

Up to eight substrates are then loaded into a larger mount, which in turn fits the specifications

for mounting into the 3D printer (Nanoscribe GmbH). The substrates are cleaned by submerging

in isopropanol for approximately 2 minutes and dried with nitrogen gas before coating with a

thick layer of the photoresist and mounted with the substrate inverted. A microscope objective

is then raised from beneath the substrates into contact with the photoresist. The substrate is

then illuminated from below and can be viewed via a camera behind the microscope objective.
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The printing of the nozzles is done in a layer-by-layer fashion. First, the focus of the laser is

raised to the highest point in the job, in contact with the substrate. It then prints the lowest

layer (when turned upright) of the nozzle design, then the focus is lowered by less than the

beam focus size, and the process repeats.

Particular care must be taken in the initial stages to ensure adhesion of the nozzle to the

substrate. During the printing process, the position of the interface between the photoresist

and the substrate is found using interferometry to detect a step in refractive index. With the

substrates used, this can cause issues due to the rough metallic surface from machining (typically,

glass or similar substrates are used in the printers applications). The printer must therefore be

guided to a region close to the interface within the script specifying the printing job.

It is also necessary to add some tolerance to the interface, such that the printing begins behind

the surface. This is because the laser focus is most intense at its centre, so the printed structure

may not adhere properly if the focus is even slightly misaligned from the surface. Furthermore,

the interface must be found at the appropriate position; the base of the nozzle is relatively large

and the height of the interface relative to the laser focus might vary significantly over its area.

It is therefore important that for the large base, the interface is found at the lowest point and

that there is enough redundant height in the nozzle support structure such that the bottom

section can be printed behind the surface.

Once the nozzles are printed, they are left in propylene glycol methyl ether acetate (PGMEA)

solvent for twenty minutes so that the unpolymerised photoresist can dissolve. They are then

rinsed with isopropyl alcohol for two minutes and dried using clean nitrogen gas. Printing

structures on the scale of the nozzles takes approximately eight hours per nozzle. For this reason,

attempts were also made to greatly reduce the printing time by instead printing a scaffolding

for the structure with a surface layer to containing monomer photoresist. After printing and

removing the external photoresist, the nozzles can then be baked at 200 °C for thirty minutes

to polymerise the remaining monomer contained within the scaffolding. The nozzles are then

inspected under a microscope. Figure 5.4 shows an annotated CAD drawing and microscope

image of a nozzles for comparison as well as a diagram showing how the nozzles are positioned
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(a) (b)

(c)

Figure 5.4: A comparison between a 3D CAD rendering of a nozzle (a) and a microscope image
of a completed nozzle, taken from an aerial view and illuminated from below (b). Highlighted
in both cases are three components of the nozzle structure. They are: (cyan) The support
structure, which adheres to the substrate; (green) the main structure of the slit; and (red) the
slit itself, positioned on top of the substrate hole, visible on the microscope image as the bright
area underneath the slit. (c) Diagram, showing a not-to-scale cross section of a nozzle printed
onto a substrate. In this diagram the flow direction would be from bottom to top. The substrate
(grey) has a hole drilled through it (red) and a peaked region on the upper surface. The nozzle
structure shown in (a) is printed onto the top of the substrate (blue) and also has a hollow
channel with internal structure at the exit designed to create a flat liquid sheet.
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(a) (b)

Figure 5.5: (a) Two flat sheets of isopropanol in a chain produced from a 3-D printed nozzle.
Similar jets have been 1-2µm thick as measured via white light interferometry and are optically
flat as measured with monochromatic interferometry. (b) A small water liquid sheet formed by
a 3-D printed nozzle. For each photograph, the background has been removed digitally.

on the substrates.

Several issues in the printing need to be considered, including:

• Detachment of nozzles from their substrates. This can be caused by a number of things

and usually solved by finding the appropriate depth at which to print onto the substrates

for strong adhesion and by ensuring that the polymer being used has not decayed.

• Variability in the nozzle slit (exit) width. This was solved by adding additional and longer

wash cycles in the development of the nozzles.

• Very rapid blocking of nozzles due to small particles in the back-stream of the liquid

delivery system. This has been mostly resolved through the addition of extra microparticle

filters, thorough rinsing of the lines at high pressure, and sonication of parts in the system

after the filters.

Figure 5.5a shows an isopropanol flatjet produced by a fan spray nozzle. Water flatjets can also

be produced; they are smaller in size, only a few square millimetres, which will make precise

alignment critical for XAS measurements. Figure 5.5b shows a typical water jet.
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5.3 Development of a target chamber for liquid-phase

NEXAFS

The mass attenuation coefficient, µ/ρ, of air between 100 eV and 600 eV ( photon energies

spanning the most important atomic edges) is of the order of 1× 103m2kg−1 [11]. Using Beer’s

law, the distance over which the signal would be attenuated to 0.1% in air at atmospheric

pressure (ρ = 1.225 kg) is therefore <5mm. According to Boyle’s and Avogadro’s gas laws, the

pressure required to reduce the attenuation length to ∼10m is ∼1× 10−1mbar. Therefore, it is

necessary for the jet to operate in a vacuum. This is technically challenging due to the fact

the liquid jet itself contributes a significant amount of vapour to its surroundings, via both

evaporation and imperfect collection of the liquid in any catcher. Water, for example, has a

similar mass attenuation coefficient to air at the photon energies of interest, i.e. ∼1×103m2kg−2

[11].

As such, before any work could begin on X-ray experiments it was necessary to construct a

purpose built vacuum chamber for liquid targets with affecting delivery and collection of the

liquid target as well as sufficient pumping (through the use of turbomolecular pumps and liquid

nitrogen cold traps) to maintain a low vacuum. A large (DN275CF) six-way-cross was used as

the main structure for the chamber. Breadboards were clamped to the four horizontal elements

of the cross, to be used for mounting optics or diagnostics. A 1360Ls−1 capacity magnetically

levitated turbomolecular pump (ATH1603M, Pfeiffer Vacuum) was mounted on one horizontal

flange and on the opposite flange, a hatch was installed for ease of access when venting to access

the chamber.

The other horizontal axis was aligned along the laser axis. Gate valves, pinholes, and differential

pumping sections were installed at the laser entrance and exits. On the top flange a rotating

adaptor flange was installed, and to that, a manipulator was added with 3 translational degrees

of freedom. To this, a feed-through was installed for the liquid target, which then has full

translational movement available to it and rotation around the vertical axis. This is necessary

as the target must be aligned to the laser propagation axis, which is fixed by the pinholes at
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Figure 5.6: An annotated diagram of the installations on the six-way-cross target chamber to be
used for liquid target NEXAFS. The perspective is that of the access hatch. A liquid nitrogen
cold trap (1) encloses a liquid flat-sheet target (2) which is provided via a feed-through (3)
on the top flange of the chamber, and is mounted on a manipulator for translation in three
axes. The laser enters the chamber from the left (4), with a differential pumping section on the
outside of the chamber, and exits via a pinhole (5) which connects to a differentially pumped
tube-section. The chamber is pumped via a turbomolecular pump (6). Diagram courtesy of
Clement Ferchaud.
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Figure 5.7: A diagram showing the working principle of a flatfield spectrometer. A variable line
spacing reflective grating images broadband light originating from a point. The toroidal shape
of the grating surface focuses in the horizontal axis, but adds wavelength dependent dispersion.
In the vertical axis, each wavelength continues to disperse. Therefore, the grating maps each
wavelength to a vertical line and with the correct line spacing and angle of incidence, α, those
lines form a flat plane.

the laser entrance and exit. On the bottom flange a similar translation stage was installed

with a feed-through for the liquid target collector. Translation here allows the bottom flange to

be aligned onto the liquid target. In the centre of the chamber, a cylindrical liquid nitrogen

cold-trap was installed with feed-throughs to the top flange which allow it to be filled with

liquid nitrogen. The cold-trap encompasses the liquid targets to collect any evaporation. The

cold-trap has four windows at the height of the liquid target, two to allow the laser through and

to image the targets. Figure 5.6 is an annotated diagram of the installations on the six-way-cross

chamber.

5.4 Design considerations for a flatfield spectrometer

The final step towards measuring liquid-phase XAS was the design and installation of an appro-

priate spectrometer. The proposed experiments are very ‘photon-hungry’ and the conversion

efficiency of HHG, especially when pushing towards higher cut-off energies is very limited.

Therefore, gains in signal and reduction in noise must be sought elsewhere and one of the prime

candidates is the spectrometer.
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The most suitable spectrometer for this application is a flatfield spectrometer which consists

of a toroid-shaped reflective grating which images a point onto a plane (see Figure 5.7). The

grating does not focus on one axis, typically the vertical axis (x), so preserves the divergence of

the source in that direction. On the other axis, the toroidal shape of the grating images a point

source of a single wavelength to a point. However, the horizontal (y) position of that depends

on the wavelength of the light source, due to the diffraction from the grating. Note that x and

y are defined relative to the grating surface, and are not the conventional coordinates for laser

beam propagation (i.e. z is not the direction of beam propagation). Importantly, gratings for

these applications must image to a flat plane (the focal plane) as the detector will typically be

flat; the diffraction adds an aberration to the focal plane which means that for gratings with

linearly spaced grooves, this is not the case - they are astigmatic. In order to correct for this,

gratings with variable line spacing (VLS) are employed [12, 13, 14]. To first order, the width of

a groove spacing can vary linearly with position on the grating, according to

σ =
σ0

1 + 2b2
R
w

(5.7)

where σ is the groove spacing, σ0 is the groove spacing at the centre of the grating, R is the

radius of curvature of the grating, w is the groove position, and b2 determines the amount of

variation applied. b2 and R are the variable parameters which can be used to flatten the field for

the desired wavelength range. Then, to calculate the focal curve, one can employ the equation

derived in [14],

r′ =
rR cos2(β)

r[(cosα + cos β − 2(sinα− sin β)b2)]−R cos2 α
, (5.8)

where α and β are the angles of incidence and diffraction respectively.

Physical constraints were such that the working distance between the target/slit for imaging

and the original grating was no longer suitable. For this reason, the focal plane of the grating

was calculated at various incidence angles, α. The results are plotted in Figure 5.8. As can be

seen from this plot, the focal plane transverses approximately 1 cm over a typical energy range.
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Figure 5.8: Focal plane calculations at different incident angles, α, for the previously used
VLS grating. The fixed parameter in these calculations is the distance from source to grating
(r + r′ =75 cm)

With a typical divergence of ∼2mrad, distance from source to grating of 525mm, and distance

from grating to focal plane of 225mm, the spot size is then approximately 50 µm for the most

out of focus wavelengths.

Therefore, it was decided to install new flatfield gratings with longer working distances to

optimise the spectrum. In practice, the choice of b2 and R is limited by what is commercially

available; gratings made to a specification require a master grating to be manufactured and this

multiplies the price. Two gratings supplied by Hitachi, Ltd. were identified as candidates for

the new spectrometer. Figure 5.9 shows focal plane calculations for each of these gratings. The

grating with 1200 average grooves per millimetre is ideally suited for the higher wavelengths of

interest whilst the 2400 average grooves per millimetre grating is ideally suited down to 2 nm.

An additional check that had to be made was that the harmonic source would not clip on the

gratings, reducing the transmission of harmonic flux. In order to do this, the divergence of the

harmonic source was measured. This could be done by assuming the x and y1 divergence is the

same and integrating over the spectral axis of an HHG spectrum; then, the divergence is the

ratio between the size of the beam at the detector and the distance from the HHG source to the

1Here, the conventional coordinates for horizontal laser propagation are being used, where z is the propagation
axis, x is the vertical axis, and y is the transverse horizontal axis
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Figure 5.9: (a) Focal plane calculations at different incident angles, α, for the upgraded 1200
lines per millimetre grating. The fixed parameter in these calculations is the distance from
source to grating (r + r′ =112.7 cm). The red lines identify flat portions of the focal plane
with size of the detector (CCD chip). (b) Similar calculations for the upgraded 2400 lines per
millimetre grating with the same fixed parameter.

detector. Figure 5.10 shows the x profile of the HHG source at the detector. A divergence of

2.2mrad was extracted from the 1/e2 half-width of a Gaussian fit.

Figure 5.11 shows the transmission, which only accounts for clipping of the beam, of the previous

(left) and new (right) gratings for the current HHG source accounting for the divergence

and spatial distribution (approx. Gaussian) of the HHG source. As can be seen, in the old

configuration it is probable that there was a significant amount of clipping, which has also been

improved by moving to larger gratings.

5.5 Experimental design overview

Figure 5.12 shows the designed implementation of all of the discussed elements in this section.

Soft X-rays are generated in vacuum via HHG in a short interaction (few mm) target of ∼0.5 bar

argon gas or ∼2 bar neon gas, using a few cycle NIR pulse (see Appendix A). The NIR is filtered

from the X-rays using a thin metal film (aluminium, tin, zirconium, or titanium). A toroidal

mirror, which is housed in its own chamber so that it can be differentially pumped, re-images

the high harmonic source onto a liquid target. The liquid target is delivered from above via

standard tubing supported by a rigid structure and mounted on a vacuum manipulator. Two
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Figure 5.10: Transverse profile of the the high harmonics produced at the source planned for
experiments. The Gaussian fit at the working distance from the source gives a 1/e2 divergence
of 2.20mrad.

(a) (b)

Figure 5.11: (a) Transmission, only considering loss from clipping) of the previous grating in
use with the current HHG profile as a function of working distance, r. The blue line marks the
current working distance. (b) A similar plot for the proposed gating, which is larger (length,
L =60mm). The blue line marks the planned working distance.
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Figure 5.12: Design drawing (courtesy of Clement Ferchaud) of new experimental setup, including
the original re-imaging optics (toroidal mirror chamber), the new six-way-cross target chamber,
and the flat-field spectrometer. The VUV/X-ray source propagates from left to right and comes
from the out-of-picture differentially pumped HHG source. It is then incident on a toroidal
mirror, passes through a differential pumping section to the liquid target and is then propagates
through another differential pumping section to the flat-field spectrometer. The toroidal mirror
is positioned at (1), the target at (2), the flatfield grating at (3) and the detector at (4).

inline filters rated to 5µm are upstream of the jet and the nozzle. The flange is rotatable to

allow for the jet surface to be aligned to the laser axis as desired. After passing through the

target, the high harmonic beam passes through a second differential pumping section, pumped

via a 67L s−1 turbomolecular pump (Pfeiffer HiPace 80), into the flatfield spectrometer. In

Figure 5.12 the camera is shown to be mounted at a slight angle from the beam propagation.

This is to accommodate for the fact that the flat-field plane is not along in the laser axis when

observing some energy ranges in an optimal configuration. This can be seen from the left panel

of Figure 5.9 in the higher energy (lower wavelength) regime.

5.6 Commissioning

The new flat field spectrometer was installed and adjustments made to the path lengths between

chambers (using vacuum bellows) and absorption measurements were made on a thin film

polymer, P3HT, which was used to optimise the spectrometer configuration to the correct energy

range and best resolution. The new target chamber was then installed and again, adjustments

to the alignment were made using P3HT as a test target to verify the spectrometer optimisation.
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Figure 5.13: X-ray absorption of solvated aldrithiol close to and at the sulphur L-edge. (a) Soft
X-rays generated via HHG in neon with no absorbing medium, liquid ethanol, and a solution of
aldrithiol in ethanol. (b) The measured absorbance of aldrithiol and (c) ethanol.

The first liquid sample tested was ethanol, which has favourable properties. Its viscosity and

surface tension are such that a large surface area, thin jet can be formed and its freezing point

is far below zero. As such, freezing on the catcher due to evaporative cooling and radiative

cooling from the cold trap is less of an issue. Figure 5.13 shows some first measurements made

of the transmission of ethanol.

Whilst this is an important enabling step, ethanol itself is of little chemical interest; time

resolved XAS studies of alcohols [15] (the only ultrafast XAS studies in a liquid to date) appear

to show the slower, order 100 fs, settling of nuclear coordinates following multi-photon ionisation.

However, ethanol opens up the opportunity to study a number of solutes. One such solute is

aldrithiol, which excites at 267 nm and leads to bond cleaving of the sulphur–sulphur bond [16].

Similar bonds are important to the stability of proteins and enzymes in biological samples, and

understanding these dynamics is therefore of interest.

Experimentally, aldrithiol makes a good choice for early investigation as the dynamics should be

visible at the sulphur L-edge (∼163 eV), where a higher amount of flux is achievable than, for

example, the carbon K-edge. Solubility tests found that a 0.15M solution in ethanol is readily
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made and that 0.2M can be achieved with more intensive mixing and sonication. Figure 5.13

shows first measurements of the absorption of aldrithiol in our system at the sulphur L-edge.

Absorption is shown in OD, which is defined as log10(1/T ) and has prefixes which follow the

normal conventions for units, i.e. 1mOD = 1× 10−3OD. The lack of a strong absorption edge

or pre-edge features suggests that the absorption lower than the sensitivity of the measurement.

The change in absorbance that is seen can be explained by slower fluctuations in the harmonic

source spectrum, and the stabilisation of the harmonic source remains one of the challenges to

improved absorption measurements.

An estimate of the absorption strengths can be made from oscillator strengths calculated using

standard quantum chemistry computation methods and by estimating the lifetime of the excited

states. At the sulphur L-edge in aldrithiol, the strongest pre-edge feature is predicted to be the

2s → s-s σ∗ transition, with an oscillator strength of 0.06. Using an approximate 10 fs lifetime,

the peak of the absorption (on resonance) is approximately 5.3 × 10−19 cm2. For a 0.15M

concentration, the number density of aldrithiol is 9.03× 1019 cm−3. The absorption length is

then 2.1 × 102 µm and a 2 µm interaction length would have an absorbance of 4mOD. The

absorbance scales linearly with the lifetime, but given that narrow features are also ‘washed out’

by the detector energy resolution, an absorbance resolution on the order of mOD is necessary,

which explains the lack of structure to the first measurements.

In order to increase the absorbance, one can either increase the number density or the interaction

length. Increasing the interaction length is technically challenging and will simultaneously

increase the solvent absorption, whilst there are physical limits on the number density imposed

by the solubility of the sample of interest. From this first measurement in aldrithiol, it is

therefore clear that early experiments should be limited to solutions which can be made in

high concentrations. Once our method is refined, it will be possible to reduce the minimum

detectable change in OD and return to less concentrated solutions.

With this in mind, investigations were made into the absorption of solutes dissolved in water.

Due to the relative lack of hydrocarbons, compared to alcohols, water is a highly polar molecule

and as such is a very good solvent for polar solutes, the simplest of which are basic salts. NaCl
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was chosen as a test as its high solubility, up to 6.2M in water, and high chlorine content give

the greatest opportunity to see strong absorption features.

The triple point of water is at a relatively high pressure (6.116 57mbar, 273.1575K), posing

technical challenges for in vacuum operation caused by rapid freezing when evacuating the target

chamber. This can be understood by considering a trajectory on a phase diagram for water, such

as the red arrow on Figure 5.14. The liquid begins at atmospheric pressure and lab temperature.

As the chamber is evacuated, the pressure quickly falls below the liquid-vapour interface at

which point the liquid begins to boil. The flowing liquid is replenished so a complete transition

to gas does not occur and the target remains stable; however, boiling is an endothermic process,

so the liquid begins to rapidly cool. Below the triple point, this cooling leads to a vapour-to-solid

phase transition. The transition to a solid crystal require nucleation, so ice crystals rapidly

form on the nozzle and catcher and the resulting ice blocks the nozzle and stops liquid flow.

A further reduction in pressure results in sublimation, but this sublimation is not enough to

unblock the nozzle and only cools the ice further.

To solve this problem, several steps have been made. Firstly, to reduce the opportunity for

nucleation on the catcher, optimum alignment is assured. This has been achieved via improved

imaging of the nozzle-catcher system, using zoom lenses which allow for the accurate positioning

of the nozzle and catcher assemblies. Secondly, both the nozzle and catcher mounts are heated

via 25W heating cartridges controlled by a PID feedback circuit which maintains a temperature

of 60 °C. It is also imperative that liquid target is first created at atmospheric pressure and

slowly evacuated whilst the target is flowing; this avoids instabilities which can lead to freezing.

An unfortunate consequence of the higher concentration of NaCl and the rapid evaporation of

the jet is that the NaCl can ‘crash out’ of the solution. The NaCl is then able to contaminate

optics in the X-ray path, and potentially the detector itself, leading to a strong absorption

background.
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Figure 5.14: A phase diagram of water showing how its state of matter depends on tem-
perature and pressure. Water does not exist in liquid form (in equilibrium) when be-
low the triple point in either pressure or temperature. The red arrow indicates was hap-
pens to water as pressure is reduced and rapid boiling cools the water. Adapted from
https://en.wikipedia.org/wiki/Ice#/media/File:Phase diagram of water.svg under a creative
commons license.
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5.7 Future of liquid-phase XAS

Significant progress has been made towards transient XAS experiments in the liquid phase. A

target delivery system has been successfully developed, which is capable of producing flat liquid

sheets of order 1µm thickness. Chapter 6 demonstrates the in-vacuum use of these targets for

X-ray science. In terms of transient XAS, the next steps are to to transfer the methods for mOD

resolution time-resolved measurements which have been developed for experiments in the gas

and solid phase [17]. This includes the delivery of a pump beam to photo-excite the target of

interest. In recent years, there have been significant advances on the development of femtosecond

ultraviolet sources using dispersive wave emission in gas filled hollow-core waveguides [18]. This

could prove to be the ideal source for studying photochemistry on the timescales of electronic

coherences, or for quantum control experiments.
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Chapter 6

High harmonic generation in liquid

isopropanol

Section 3.1 introduced high harmonic generation within a recombination model and identified

characteristics which have been derived from the corresponding theory. To recap, some of these

characteristics are:

• A plateau of harmonics, which extend into the XUV or soft x-ray regime;

• Either an attosecond pulse train or isolated attosecond pulses, depending on duration and

frequency of the driving field;

• Odd harmonics spaced in energy by twice the driving field photon energy, in the case of a

pulse train; and a continuum, in the case of isolated pulses;

• A maximum harmonic energy, Ecutoff , which increases quadratically with the driving field

wavelength and linearly with the intensity;

• Gaussian dependence on the ellipticity of the driving field;

• Harmonic yield which scales quadratically with the number of coherent emitters.

Regarding the final point, the natural question arises as to whether efficient high harmonic

generation can occur in dense media, where even over a short coherence length, the number of
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emitters is large compared to a gas.

Liquids offer some of the advantages of each of solids and gases. They are self-healing, reusable,

and reproducible; they are a dense medium and, compared to a high pressure gas, can be well

localised within a vacuum chamber, creating lower ambient pressure for re-absorption. These

features may make them competitive VUV sources for science and industry, for example, in

lithography or high precision metrology [1]. The potential energy surface an electron witnesses

in a liquid bears similarities to a gas in that electrons are bound to molecular orbitals; however,

unlike a gas, there is bonding in molecules from electronic wavefunctions spread over multiple

molecules. Furthermore, the excursion lengths of electrons are larger than typical inter-molecular

distances or mean free paths.

It is therefore of great curiosity to know the extent to which HHG in a liquid can be understood

within the framework of re-collision based HHG. Does local order, which can create a quasi-band

structure, mean that a better description is found in k-space; and where the underlying physics

deviates, what are the ramifications for the characteristics of the emission? HHG spectroscopy

has been used in molecules as a time resolved probe of charge dynamics on the timescale of 1 -

2 fs, which is possible due to the mapping of the electron trajectories onto the harmonic energy

and the dipole strength at that energy depending on the molecular wavefunction. In liquids

there may be the exciting opportunity to extend this method to the study of molecules in the

liquid phase and also to use HHG spectroscopy to probe the liquid environment.

As with gas-phase HHG at its inception, the theory and computational methods and resources

required to model liquid-phase HHG have not yet been developed; so, like its predecessor, an

understanding of liquid-phase HHG currently relies on empirical methods. Flettner et al. [2]

first reported harmonics above the ionisation potential of water, in microdroplets; however,

these droplets were first exposed to an intense pre-pulse, ∼50 ns before the driving field. This

vapourised the droplets and the HHG occurred at an intermediate density, between that of

liquid- and vapour-phase water. They reported coherent harmonic emission as high as 42 eV, the

27th harmonic of an 800 nm driving field. Kurz et al. continued in a similar manner, exciting

15µm diameter water droplets with a pre-pulse and probing with an 800 nm laser [3]. They
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varied the delay over a ∼20 ns range to explore the effect of the density on the phase-matching

of the resulting harmonics. They identified phase-matching phenomena similar to gas-phase

HHG and noted a saturation of the harmonic yield with the intensity of their driving field,

which was attributed to a rising density in free electrons. They followed this experiment with

an investigation into the the frustration of the harmonic cutoff due to collisional effects in the

medium [4]. They identified a damping of the harmonic yields at high densities, in particular

for long trajectories.

Heissler et al. measured harmonics up to 19 eV in reflection from plasma formed at a liquid-

vacuum interface, from a cylindrical microjet, drawing comparisons to similar experiments in

plasma reflection at solid-vacuum interfaces. DiChiara et al. investigated harmonics in water

and heavy water, through 5 – 100 µm liquid sheets with a mid IR laser in the optical range [5].

They generated perturbative harmonics up to the 13th order (∼4 eV) but no harmonic emission

above the ionisation potential, though this is unsurprising as the experiment was not conducted

at low vacuum. Luu et al. reported harmonic emission up to 20 eV, utilising sub-micrometer

water sheets generated with colliding microjets [6]. Despite extending beyond the ionisation

potentials of the liquids studied, the characteristic plateau harmonics of recombination based

HHG were not observed. In contrast to all previous studies, they attributed their observations to

a HHG mechanism similar to the band-structure models of solids and attributed the frustrated

cutoff to a lack of long range order in liquids.

A better understanding of the mechanism of high harmonic generation in liquids can be reached

by controlling the parameters of the driving field and relating the characteristics of the emission

to the energy landscape as witnessed by the electrons. All of the experiments referenced above

were conducted using pulses longer than 30 fs, i.e. in a regime in which the pulse envelope is

significantly longer than the laser cycle period.

All harmonic spectra presented to-date are therefore resulting from many half-cycles and

unravelling the processes happening in a single half-cycle is challenging. A few cycle laser field

is employed here; not only does this provide a better probe of the physical mechanism, a few

cycle laser field will also have a dramatically reduced plasma build-up before the peak field
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from propagation through the target. It will be shown here that, using such a few-cycle field,

higher energy XUV emission from liquids does occur, up to 50 eV. Critically, evidence is found

that in the strong field regime electron scattering plays a role in modifying the spectrum whilst

the emission no longer exhibits characteristics of a band structure system. Contrary to earlier

indications, this behaviour shows that HHG in liquids is not limited to the low energy VUV

range and HHG in liquids can offer physical insight into the behaviour of real space electron

trajectories and of the intermolecular energy landscape [7, 8].

6.1 Setup for measuring liquid high harmonic generation

To show this, 1–2 micron thick liquid targets were illuminated with an actively CEP stabilised

13 fs (FWHM) 1.75 µm (corresponding to 2.2 cycles within the FWHM) laser with pulse energy

of up to 500 µJ.

Control of the driving field was achieved using basic optical components. The pulse energy

was modified either using a broadband half-waveplate and polariser pair or by adjusting an

aperture placed before the focussing optic. Whilst other parameters were fixed, this allowed for

the peak intensity at the interaction region to be controlled. These two methods of controlling

the pulse energy have their own advantages. The half-waveplate and polariser add dispersion to

the pulse, lengthening it to approximately 18 fs, but have negligible affect on the spatial profile

of the focus at the interaction point, and can be scanned more easily and in smaller steps. An

iris increases the focal spot size when closed, therefore having a nonlinear control of the peak

intensity and requiring greater care to avoid a large error in establishing the relative change,

but does not introduce dispersion.

Control of the ellipticity was achieved using a broadband achromatic quarter-waveplate (Bolder

Vision). This has the additional effect of rotating the polarisation axis. This change could be

corrected with a half-waveplate, at the expense of lengthening the pulse duration. Measurements

were made whilst rotating the polarisation axis to verify the effect on the harmonic emission,

and there was no registered effect. From this it is understood that the target molecules were

randomly oriented and the waveplate was therefore omitted, to introduce as little dispersion as
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possible to the few-cycle pulse.

Finally, the CEP of the pulse was controlled by scanning the transmission through a pair of

fused silica wedges, in which there is a mismatch between the group and phase velocity. To

achieve this control, the CEP was actively stabilised using a 2f-3f interferometer, in which

spectral intereference between the second and third harmonics of a parasitic beam (reflection

from the first incident fused silica wedge) was measured. The phase of spectral fringes was then

input to a fast feedback loop controlling a piezo-actuator which modifies the delay between

the pump and seed of the optical parametric amplifier used to generate the SWIR beam (see

Appendix A). The liquid targets were generated via the methods described in Section 5.

The harmonic emission was measured using a flatfield spectrometer consisting of a grazing

incidence variable-line-spacing grating, a microchannel plate (MCP) mounted on on a vertical

translation stage, and a CCD camera (pixelfly, PCO) to image the MCP (APD059M-01,

Photonis). The 40mm MCP diameter allowed for the imaging of harmonic orders spanning an

approximately 30 nm window and with vertical translation of the MCP, this window could be

centred at different energy ranges. The liquid target could be translated along X, Y, and Z axes

independently via a manipulator on the vacuum feedthrough for the target delivery system and

to adjust the collector accordingly. It could also be rotated in the horizontal plane via a rotation

flange. Ambient pressure below 1× 10−4mbar in the target chamber and below 1× 10−6mbar

in the spectrometer chamber was maintained through a combination of: turbomolecular pumps

backed with scroll and screw pumps; a liquid nitrogen cold trap surrounding the jet with

through-holes for laser transmission, pumping, and visibility; and differential pumping between

the two chambers. Figure 6.1 shows a diagram of the setup used.

6.2 Origin of harmonic emission

As shown in Figure 6.1c, harmonic emission extending 10s of eV beyond the ionisation potential

of isopropanol, indicating that high harmonic generation is possible. However, before analysing

closely the properties of the emission, as there is both liquid isopropanol and isopropanol vapour

which has evaporated from the liquid surface within the Rayleigh range of the focus, the source
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Figure 6.1: Schematic diagram of the experimental setup used to produce and measure high
harmonic generation from liquid isopropanol. Figures inset show (a) an in situ image of an
isopropanol liquid sheet, (b) measurement of the CEP stability over a two hour duration, and
(c) an example of high harmonics recorded with the setup. Image courtesy of Clement Ferchaud.

of the emission must be established. To do so, a series of measurements were made which each

isolate harmonic emission from either the liquid or vapour. Figure 6.2 shows the longitudinal

(in the direction of the jet flow) and lateral (across the liquid sheet) pressure dependence of the

HHG emission.

Figure 6.2a shows a horizontal scan relative to the laser focus, which was performed across the

upper region of the jet where the vapour pressure at the surface of the jet was 28mbar. This

was done with a driving field with peak intensity of 80TWcm−2, such that a plasma plume

was clearly visible when the jet is placed in the interaction region. The harmonic spectra show

a distinct top-hat emission pattern corresponding to the width of the jet, with no emission

detected when passing only through the vapour. To confirm this, the liquid target was rotated

about the vertical axis to allow the laser pulses to pass directly parallel to either side of the jet;
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Horizontal scan
a

c
Vertical scan
b

Figure 6.2: The dependence of the HHG on the position of the jet relative to the laser focus. (a)
For a scan of the jet laterally, harmonic emission is seen only when the laser focus is incident on
the liquid jet. The positions shown are relative to the centre of the jet. This scan was of the
upper portion of the jet, where the vapour pressure at the jet surface is approximately 27mbar
and the jet is 600µm wide. (b) At different longitudinal positions on the jet, vapour pressure
changes significantly due to evaporative cooling. Five positions are highlighted, P1 – P5, with
descending pressure and temperature. (c) HHG spectra at the five positions labelled in (b).
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in this setting, no measurable VUV emission was observed.

By scanning the laser beam vertically down the jet, at the five positions shown in Figure 6.2b,

the harmonics are measured as a function of the vapour pressure at the surface of the sheet. In

the low density regime, any harmonic emission from the gas phase would increase with increasing

vapour pressure. However, in descending the jet, the harmonic emission yield is increased by

the declining isopropanol vapour density, as shown in Figure 6.2c. Instead of resulting in more

HHG emission, absorption in the vapour at the different positions modifies the shape of the

harmonic spectra. The greatest change is seen where isopropanol’s transmission is lowest and

the pressure is higher, resulting in a relative decrease in the flux. For example, the harmonic at

15 eV is least intense at P1, which corresponds to the lowest vapour transmission. As well as

evidencing harmonic emission from the liquid, this also highlights the importance of absorption

in the propagation of the harmonic emission. Any VUV light generated at the front surface

of the liquid target will be unable to propagate, so any harmonic emission observed must be

generated close to the rear surface. A consequence of this is that the ideal liquid target must be

thin, transparent, and have low dispersion at the frequency of the driving field.

To understand the lack of harmonics originating from the vapour phase, a calculation of the

number density of vapour molecules in the proximity of the focus was made. This is aided by

mathematical similarities between the vapour flow and electrostatics: the density near a liquid

surface is analogous to electric field near a charge or charged surface, as the flux of molecules is

formally equivalent to Gauss’s law. The pressure near a point source therefore follows in inverse

square law. Calculations of the pressure surrounding a vapour source in vacuum exist in the

literature, for at least two cases:

• For a cyclindrical jet by Faubel et al. [9] and equivalently for ice by Sadtchenko et al. [10].

• For a thin disk by Brastad and Nathanson [11].

Faubel et al.’s treatment is more complete, accounting for the different flow regimes close to the

jet. Here, the simpler approach of the other works is used, modelling the target as a rectangular

surface with a constant surface pressure. The vapour pressure is then adjusting according to
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Figure 6.3: Slices in the horizontal plane of the calculated vapour pressure surrounding a
rectangular isopropanol jet of 1mm width, 1 cm length, and 5 different vapour pressures (P1–P5)
corresponding to the longitudinal positions in Figure 6.2. Inset on the slice for P4 is an expanded
view of the pressure 0-10 µm from the jet axis.

the position on the jet. The calculation converges with the two limiting cases: 1/r dependence

for a thin and infinitely long source; and 1/r2 for a point-like source.

The result of these calculations is shown in Figure 6.3, and shows a drop off in the number

density of isopropanol molecules of orders of magnitude over micrometer-scale distances. When

the laser is along the axis of highest gas pressure, the areal number density of emitters is

approximately 3 orders of magnitude fewer in the gas than in the liquid. Furthermore, the areal

number density of gas-phase emitters is approximately equivalent to 0.2 mbar of an ideal gas

with an interaction length of 1mm. This low areal density explains why any harmonic emission

from this volume was below the sensitivity of the spectrometer.

The liquid jet enters into a vacuum at a temperature of 20 ◦C. The temperature of the jet at

each position is calculated by considering the rate of evaporation, and a subsequent cooling due

to the heat extraction for the phase change [12]. The number of molecules which evaporate

140



Table 6.1: Temperature measurements of a liquid isopropanol jet in vacuum, made using a
thermocouple.

Distance from nozzle (mm) Temperature ( ◦C)
1 10.6
3.5 -5.5
5 -9.5
7 -19.5
10 -20.0

from a surface A during a time interval δt is given by: [13]

δN

δt
=

1√
2πmkbT

× (pvap − p)A, (6.1)

where m is the mass of one molecule, pvap denotes the temperature dependent vapour pressure,

p is the pressure of the gas phase surrounding the jet, and T is the temperature of the liquid.

The phase transition requires a negative evaporation enthalpy Hvap to be added to the liquid,

leading to the temperature change,

δT =
Hvap

NACM
δN, (6.2)

where NA denotes the Avogadro constant, C the specific heat and M the mass of the remaining

liquid in the volume under consideration. Thus the cooling rate of the liquid jet can be estimated.

The evaporation enthalpy Hvap is assumed to be constant over the temperature range of interest.

This calculation was checked against measured data (see Table 6.1 and previous measurements

[14]), and good agreement was found.

6.3 Dependence on the driving field

HHG emission was recorded in liquid isopropanol beyond 45 eV. The spectrum of the emission

depends on the length of pulse used for the driving field and the carrier envelope phase (CEP).

As discussed in Section 3.1, CEP is of greater importance when the pulse envelope is comparable

in width to the laser period. Figure 6.4 shows harmonic spectra taken with 11 fs, 55TWcm−2

pulses, for both CEP-averaged and fixed-CEP pulses.
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Figure 6.4: MCP images of the flatfield spectrum of VUV emission from HHG in liquid
isopropanol for (a) averaged shots of fixed CEP and (b) averaged shots of CEP averaged over a
2π interval. The vertical axes show the spatial profile of the harmonics in the horizontal plane
and the horizontal axes show the photon energy. The data as presented here is with minimal
processing (only background subtraction); basic image processing such as thresholding and
removal of hot pixels can be applied before summing over the spatial axis.

In the CEP-averaged harmonics, fringes are visible up to 30 eV and a continuum extends further,

to approximately 45 eV. The single-CEP HHG shows additional fringes the lower photon

energies, and harmonic fringes extending to 45 eV. The extension of the cutoff energy, compared

to previous works [6], can be attributed to the use of a few cycle pulse below the threshold.

The HHG emission was measured whilst the CEP of the driving field was varied over more

than 2π radians whilst looking at the highest achievable photon energies, with a peak intensity

between 50 and 55TWcm−2. By integrating over the spatial axis of the MCP images, the

dependence of the HHG spectrum on the CEP is revealed, as shown in Figure 6.5. The absolute

value of the CEP is not measured independently of the CEP scan, so the values in Figure 6.5 are

for a CEP shift from an arbitrarily set zero and referred to as either CEP shift or relative CEP.

Note that because a 2f-3f interferometer was needed for these measurements, particular care was

taken to optimise the pulse length and spectral broadening in the hollow core fibre compression.

Therefore, the pulses in the driving field were the shortest for these measurements, 11 fs.

There is π-periodicity in the CEP dependence, which matches the periodicity of the magnitude

of the electric field. A lack of change with the direction of the electric field indicates that, as
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Figure 6.5: (a) Carrier envelope phase (CEP) dependence of high harmonic emission from liquid
isopropanol, integrated over the spatial axis. Three spectral regions of interest are demarcated
which show different behaviour dues to the different number of contributing cycles (see main
text). (b) and (c) show the spectral emission at the two CEP points corresponding to the
colour-coded dashed horizontal lines on (a). Dashed lines of constant energy on (b) and (c)
show harmonic peaks and troughs for comparison between the emission at these two values.

expected, there are no symmetry breaking effects which have a preferential direction for the

electric field. Furthermore, looking across the energy range of the spectrum, there is variation

in how the harmonics change with respect to the CEP. This can be understood in a recollision

based model by considering the temporal structure of the CEP and the driving laser.

Consider a pulse with a Gaussian envelope of 11 fs FWHM and carrier wavelength 1800 nm.

When the CEP is zero, such that a maximum of the electric field’s carrier wave and the maximum

of its envelope coincide, the ratio between the second-largest and largest magnitude half-cycles

is 0.44. With a peak intensity of 45TWcm−2 this corresponds to a reduction in highest photons

emitted from that half-cycle by 24.0 eV. This exemplifies how as the photon energy moves from

low to high, the number of half-cycles contributing to the harmonic emission decreases. As the

fringes in the harmonics result from interference between the different pathways to emission

a particular energy photon, a reduction in the number of contributing half-cycles closes some

of these pathways to emission. Similarly, a change in the CEP will change the emission time

within each half-cycle which contributes to a particular harmonic.
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In the highest energy region of Figure 6.5, the harmonics are clearly distinguishable and following

a single harmonic through a π shift in the CEP, there is a shift to the next peak. Consider when

the CEP is π/2, such that the two greatest half-cycles are of equal magnitude but opposite

sign, and that they are the only two half-cycles contributing to a given energy emission (i.e.

above the next half-cycle cutoff) The harmonic emission of angular frequency ω from the two

half-cycles coherently sums as

E(ω, t) = E0(ω)e
−iωt − E0(ω)e

−iω(t+T
2
) = E0(ω)e

−iωt
(
1− e−iωT

2

)
(6.3)

Constructive interference is achieved for ω = 2π(2m + 1)/T , where m is any integer and

destructive interference is similarly achieved for ω = 4πm/T . Therefore, only odd harmonics

are seen at this CEP value. In [15], the CEP dependence of Argon gas is observed in this same

energetic region and similar behaviour is observed. There, a simple model for the interference

pattern from the interference of two successive half-cycles is derived, in a similar spirit to

Eqn. 6.3. Evaluating a second order Taylor expansion of the envelope and considering a linear

change in the photon emission time due from the intrinsic intensity chirp of the harmonics,

a linear increase with CEP of the peak of the harmonic fringes is found. At lower photon

energy, where more half-cycles contribute to the harmonic emission the interference pattern is

more complicated due to the uneven spacing in the harmonic emission times and the increasing

difference in ionisation rates.

Figures 6.5b and 6.5c show the harmonic spectra for a relative CEP of 1.5 πrad and πrad

(as annotated on Figure 6.5a) respectively. At the highest energies in Figure 6.5c, fringes are

visible which could correspond to the case of two contributing half-cycles. Note that although

Eqn. (6.3) suggests 100% fringe visibility, it does not account for the difference in amplitude

or spatial averaging. For a relative CEP of 1.5π rad, however, fringes are absent above 39 eV

and compared to at π rad, the peak intensities are reduced. This is consistent with harmonic

emission which, in the case of a 1.5π rad shift, is resulting from a single half-cycle, i.e. the

relative CEP of of 1.5π rad is consistent with an absolute CEP of 0 rad.

Whilst the CEP dependence shows supporting evidence of recollision based HHG process, there
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are however two points unaddressed: Firstly, despite a significant change in the peak electric

field with a change in CEP, there is only a small extension to the harmonic cutoff. Furthermore,

when the CEP is such that only one half-cycle contributes to the highest energy i.e. at a relative

CEP of 1.5π rad, the region over which only one half cycle contributes is only ∼15 eV, not the

20 eV region of single cycle harmonics predicted.

To further investigate the mechanism of emission, the ellipticity of the driving field was varied

in 61 steps from approximately −0.25 to 0.25 whilst measuring harmonics from the 31st to the

55th order. Note that in these measurements, the CEP is not actively stabilised and therefore

each spectrum is CEP-averaged. The result is shown in Figure 6.6. The harmonic yield has a

Gaussian dependence on the ellipticity of the driving field. To quantify this Gaussian dependence,

a fit is made to the ellipticity of each harmonic, from which the half-width at half maximum

is extracted. This can be referred to as the ‘threshold ellipticity’, or ϵth. It is found that the

threshold ellipticity decreases with increasing harmonic order. This observation is consistent

with a re-collision based mechanism for HHG and in agreement with previous measurements

in gases [16]. The ellipticity of the field has two effects. Firstly, there is a reduction in the

maximum electric field strength. Secondly, and more significantly, acceleration of a charge in a

circularly polarised field can be decomposed into acceleration in two perpendicular axes, out of

phase. As such, a classical trajectory does not return to its original point of ionisation, and

therefore does not recombine with its parent nucleus. The lower threshold ellipticity at higher

harmonic orders is consistent with the observation of the short trajectories, for which the length

of electron excursions increases with the harmonic order. They are therefore displaced further

from their parent nucleus by an elliptical driving field, reducing the ellipticity threshold.

Scans of the driving field intensity were also taken, using a half-waveplate and polariser, and are

shown in Figure 6.7. Note that for these measurements the longer pulse length of ∼18 fs reduces

the maximum obtainable peak intensity; furthermore, there is an increased ionisation fraction

during the early stages of the pulse, making a like-for-like comparison to the shorter pulse length

difficult. Nonetheless, a steep increase in the cutoff energy can be seen as the peak intensity

increase, until approximately 25 eV. The harmonics then saturate, which can be attributed to a
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(a) (b)

(c)

Figure 6.6: Ellipticity dependence of high harmonic generation in liquid isopropanol. (a)
Harmonic emission spectra summed over the spatial axis with changing ellipticity. (b) The
total harmonic emission within the range of the detector (approx. between 20 and 40 eV). 60
points are spaced evenly in tan(θQWP) (θQWP is the angle of the quarter waveplate rotation from
linear), which corresponds to spacing of approximately 0.009 in ellipticity. 4 repeats were made
at each point and the standard error of their mean is shown in the error bars.
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Figure 6.7: Peak intensity dependence of high harmonic emission in isopropanol, for an 18 fs
pulse.

build up in the ionisation fraction before the peak of the field is reached temporally.

Similar scans using an iris to control the peak intensity whilst preserving a shorter, 13 fs pulse

duration are shown in Figure 6.8. Here however, the spatial divergence of the harmonics

along the horizontal axis is shown by stacking images of the MCP for each iris position. The

harmonic cutoff can be seen to rise with increasing intensity until 45TWcm−2 to a maximum

of approximately ∼45 eV. After this point the increasing density of plasma clamps the strength

of the harmonics, they become unstable, and there is no further increase in the cutoff energy.

There is also an increase in the background of the MCP images due to incoherent light and an

increase in dark counts from a higher background pressure, which is not to be confused with

harmonic emission. Coherent emission can be separated from the background due to its spatial

properties, i.e. its Gaussian divergence in the spatial axis. The incoherent light is possibly from

harmonic emission dispersed from the dense plasma. The increase in background pressure is due

to to a plasma plume which is emitted from the surface of the jet which the laser is incident

upon, when working above 53TWcm−2. This imparts momentum on the jet, destabilising it,

and results in some spray of isopropanol from the jet itself and from the catcher. Figure 6.9
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Figure 6.8: Stacked images of high harmonic generation in isopropanol, for focal spot intensity
varied using an iris aperture. The iris both reduces the transmission and increases the focal spot
size when the aperture is reduced. Each stacked image shows the spatial axis of the harmonics
in y and the spectral axis in x. Intensities plotted on the x axis reflect the peak intensity of the
images but note that the peak intensity is the constant accross the pixels of each image.

shows the the spatial distribution of the spectrum for a single intensity, which shows more clearly

the spatial distribution of the emission. The harmonics are confined between approximately

pixels 50 and 150 of the CCD (along the axis of the spatial divergence), whilst the incoherent

emission is mostly below pixel 100.

6.4 Mechanism of HHG in the liquid phase

The evidence of these measurements indicates a recollision based mechanism for HHG in liquid in

the regime of an intense, few-cycle driving field. However, the features highlighted in particular

for the case of the CEP dependence indicate some discrepancies between the underlying physics

for a liquid and for a gas. This can be understood by considering at the key differences between

a liquid and a gas in terms of the HHG process.

A key length-scale of the interaction is the length of electron excursions. These are found

classically to be of the order |eE0|/meω
2. Therefore, for a 45TWcm−2 driving laser at 1.8 µm,
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Figure 6.9: Flatfield spectrometer images from HHG emission from liquid isopropanol, for 13 fs
pulses at 48TWcm−2, which is close to the threshold for formation of an plasma plume.

electron excursions of the order of 3 nm can be expected. Appropriate length-scales for liquids and

gases are the average spacing between atoms or molecules (referred to as average inter-molecular

spacing, for brevity) and the mean free path.

The mean free path is the mean distance a molecular entity in a fluid traverses before colliding

with another molecular entity. As such, it is related to the the size of the molecular entities as

viewed by themselves. For this reason, the relation to electron excursions is complicated; the

‘size’ of the molecular entity, as viewed by the electron, is not the same as the ‘size’ according

to similar molecular entities. It is the scattering cross section, which depends on the kinetic

energy of the electron and is not trivially measured. Also note that in the usual definition of the

mean free path, it is also assumed that all molecules belong to the same velocity distribution,

which has the effect of increasing the result by a factor of
√
2. This is not so in the case of the

electron excursions, for which the molecular entities are approximately fixed.

The average inter-molecular spacing, however, depends only on number density and is typically

much smaller than the mean free path; for example, air at standard temperature and pressure

has a mean free path of 68 nm and an average inter-molecular distance of 3.3 nm. For a gas

to have a mean free path below 3 nm it must have a pressure in excess of approximately 1 bar.

However, this is easily achieved for a liquid; the average inter-molecular spacing of isopropanol
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at standard temperature and pressure is 5.0× 10−1 nm. Therefore, liquid targets are physically

distinct from gases in that the length scales of liquid targets are smaller than the length scales

of recollision based high harmonic generation.

To account for this in a theory of high harmonic generation in liquids, one must consider the

interaction of electrons with molecular entities aside from the one that they are ionised from,

which is typically overlooked for gases. The interaction of electrons with molecular entities is a

subject of scattering theory. To incorporate quantum scattering theory into existing theories for

HHG would be an exacting task. A starting point may be to consider the exponential term in

the Lewenstein model, in (3.3), and to modify or add to the existing term which corresponds

to the second step of the three step model, exp(−iS(p, t, t′)), by including a phase shift due

to scattering from neighbouring molecules. As a basis for calculating this term, one may even

require a quantum treatment of the liquid potential, solving the Schrödinger equation for many

bodies. This in itself is beyond the level of current theory.

Alternatively, one may treat the problem of liquid potentials semi-classically and refer to

molecular dynamics to fix molecule positions and orientations whilst the electron is in the

continuum. Then, summing coherently over the phase shifts given by scattering theory for many

different trajectories, one could calculate the liquid contribution. This additional phase-space

of integration would greatly increase the computation resources required but may be possible,

though at the expense of including other effects (e.g. propagation). However, this is beyond the

current scope of the work, which seeks to abstract from this process the fundamental consequence

of scattering and to generate interest among theorists in developing more complex tools.

For that purpose, a much simpler model is assumed. An approximation is made to a classical

scattering potential with electrons following their classical trajectories and scattering from

isopropanol molecules with hard scattering centres. It is assumed that any collision will perturb

the electron trajectories sufficiently to ensure that the electron will no longer return to its parent

atom, and therefore its contribution to the harmonics is lost. The probability that an electron

on a given trajectory, which corresponds to a photon emission energy, returns to its parent

molecule is then applied as a linear filter.
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The calculation of these probabilities goes as follows. The probability that an electron is not

scattered along its trajectory is approximately the product of probabilities that is not scattered

for small time steps, ∆t, between its birth and recombination. This becomes exact when the

number of steps, N , approaches infinite such that ∆t→ dt.

pn.s. =
N∏
k=1

1− pk∆t, (6.4)

pk = pscat(t0 + k∆t), (6.5)

N =
trec − t0

∆t
(6.6)

where pscat(t) is the probability of scattering per unit time, at time t; and t0 and trec are the

birth and recombination times of the electron trajectory respectively. Expanding in orders of

∆t,

pn.s. = 1 +
N∑
k=1

(
− 1

k!

N∑
j=1

pj∆t

)k

= e−⟨n⟩, (6.7)

where

⟨n⟩ =
N∑
j=1

pj∆t (6.8)

is the average number of collisions that would occur for the electron following its classical,

scattering-free trajectory. For infinite N ,

⟨n⟩ =
∫ trec

t0

pscat(t)dt (6.9)

The problem is therefore reduced to determining and integrating the probability of the electron

scattering per unit time.

In this billiard-ball model, the probability of scattering is given by the probability of encountering

a molecule along its path. Considering an infinitesimal time step,

pscat(t)dt = ρNAv(t)dt, (6.10)
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(a) (b)

Figure 6.10: (a) Classical trajectory times and (b) probabilities of non-collision for photon emis-
sion generated for a 40TWcm−2 peak intensity, 1800 nm half-cycle pulse in liquid isopropanol.
Scattering cross sections used in the calculation of probabilities are unmodified empirical data
from [17]

where ρN is the number density of the molecules and A is their cross-sectional area.

Figure 6.10a shows the trajectory times of classical electron excursions corresponding to different

photon emission energies (Ip =10 eV), calculated for a 40TWcm−2 driving field with 1.8 µm

wavelength. Cooler colours show trajectories which begin later in the laser cycle. It is a well

known result that trajectories can be separated into ‘long’ and ‘short’, depending on whether

recombination energy increases or decreases with increased trajectory time. Figure 6.10b shows

the probability, for these same trajectories, of the electron not scattering from a neighbouring

molecule according to the billiard-ball model. Literature values of low energy scattering sections

in isopropanol, which have been made in the vapour phase [17], were used for this calculation.

An immediately apparent result is that the long trajectories are significantly more damped than

the short. This is explained simply by the longer time spent in the continuum giving greater

opportunity for collisions.

Assuming then that the long trajectories offer a negligible contribution to the total emission, the

probability of a trajectory recombining maps linearly to the emitted photon energy. The effect

of the damping is therefore similar to a spectral filter. Note that the emission is not linearly

dependent on the number of emitters, due to the phase-matching of the propagation. For

example, if phase-matched, the emission is proportional to the square of the number of emitters.
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To simulate the emission, therefore, a strong field approximation calculation was used, including

full 3D propagation, and applying this ‘scattering filter’ at every forward step of the propagation.

This SFA kernel has previously been bench-marked against gas-phase HHG measurements [18]

and incorporates the effect of plasma defocusing on the driving field intensity.1

There are, however, questions about the applicability of vapour phase measurements of scattering

cross sections to condensed matter which must be addressed. Measurements in liquids are

experimentally challenging, and generally unavailable in the literature. However, a recent

comparison of liquid water and amorphous ice argues that they are similar [19] and low energy

electrons scatter from amorphous ice with total scattering cross sections an order of magnitude

lower than that of vapour-phase water [20]. Therefore, to include this screening effect, a

modification to the magnitude of the scattering cross sections was made. The variation of this

modification then allows for the HHG spectra to be used to probe its magnitude. In particular,

this can be done with reference to the observed photon energy cutoff. Assuming an energy

dependence similar to the vapour phase, but scaling the magnitude by a factor k,

A = σ = kσemp, (6.11)

k can then be determined through comparison of empirical and numerical data.

Figures 6.11a–c show measured and calculated harmonic spectra for a peak laser intensity

varying between 18 and 60TWcm−2 and pulse length of 12 fs, with calculated spectra shown

for a range of values of k. Figure 6.11a shows calculated harmonic spectra as a function of the

laser intensity with a full vapour phase scattering cross section (k = 1). This leads to significant

damping, which does not accurately model the experimental data. Figure 6.11b (k = 0.3) better

reflects the experimental data, with the highest energy emission still present, but dampened to

the point that the harmonic cutoff appears reduced. Figure 4c (k = 0) shows the unscattered

calculation.

Comparison of the experimentally determined cutoffs in Figure 4d with the cutoffs from the

simulated data for various k shows that weak electron scattering is present to and dampens

1The SFA and propagation part of the calculation was carried out by Timur Avni, not the author.
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Figure 6.11: Numerical modelling of high harmonic generation in isopropanol-like dense media
using a semi-classical strong field approximation, corresponding to experimental conditions. A
scattering probability calculation is incorporated with (a) k = 0, i.e. no scattering. (b), k =
1 (see text). The higher energy trajectories are strongly damped through interactions with
neighbouring molecules. Harmonic intensity is self-normalised. (c) Harmonic cutoff energy
dependence on peak intensity calculated for varying values of k (dashed coloured lines).

harmonic generation, including below the breakdown threshold of 50 TW/cm2, but only by a few

eV. Note that even for k = 0 (collision free) there is a deviation from the linear cutoff expected

of the single molecule response. This is accounted for by propagation effects. A polynomial fit

to second order, made to all the experimental data, is added to help compare the measured to

calculated harmonic cutoff scaling with intensity.

A least square fit of the measured data to the theory, with k as the only free parameter,

determines that k = 0.34 ± 0.05; therefore, according to this measurement, scattering cross

sections of liquid isopropanol are significantly lower (approximately 2.5 – 3.3 times) than those
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previously measured in vapour. This simple but effective adaptation to SFA code gives an

interesting insight into the behaviour of low energy electrons in liquids and highlights the rich

complexity of the liquid phase under strong field illumination. It captures the important aspects

of the scattering in that it quantifies the macroscopic screening effects of the surrounding

environment. The agreement between theory and experiment shows that the premise for the

calculation may prove an adequate description of the underlying physical processes, i.e. that

the conservation of momentum is required for successful recombination of the electrons, so

that even the elastically scattered electrons will experience sufficient spatial spreading that the

recombination probability becomes negligible.
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Chapter 7

Concluding comments and future

direction

The work described in this thesis aimed to develop tools for studying charge dynamics in

molecular systems on the timescale of electronic coherences and apply these tools to the study

of small molecular systems, and in particular to liquids. For this purpose, due to availability of

suitable ultrafast light sources and the interaction of with core states, X-ray and XUV light is

currently the most useful probe of electron coherences, and particular focus has been given to

X-ray and XUV interactions.

These aims have been addressed through multiple research directions. Firstly, through the

experiment using an XFEL source to study the few femtosecond hole dynamics of isopropanol,

which is described in Chapter 4. This experiment provides important evidence of the very fast

decoherence of hole wavepackets in the inner valence of a molecule. It also demonstrates a

viable method for X-ray absorption spectroscopy using XFEL sources to measure these very

fast transients. It is interesting to note the difference in the methods used there from the

methods when using an HHG source, such as the experiments which can be conducted with the

setup described in Chapter 5. Isolated attosecond pulses from soft X-ray HHG sources have

broad spectra which span all transitions up to its cutoff energy, in every pulse. In contrast, the

relatively narrow pulses, closer to their transform limit, and large shot-for-shot fluctuations in
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XFEL spectra mean that spectral measurements must be made on every shot to know which

transitions are being probed.

The success of this method motivates its continued application for the study of few and sub-

femtosecond dynamics. In that experiment, an electron spectrometer was used to measure the

absorption through the resonant Auger electrons created. This is a sensible choice for the study

of low density matter. For liquid targets, it will be more desirable to measure absorption via

the transmitted spectrum, and hopefully the technical challenges around measuring the incident

and transmitted spectrum at XFEL facilities can be overcome.

The fresh-slice mode used in that experiment was, at the time, the most advanced technique for

the generation of femtosecond soft X-ray pulses using an XFEL. XFEL techniques are rapidly

advancing and, as discussed in Chapter 3, the enhanced SASE mode can be used to generate

high brightness pulses with few-hundred attosecond duration. It is therefore now possible to

probe with higher time resolution and higher intensity, allowing for better statistics in the

analysis of charge migration.

Another advantage of the newer modes is that there is greater freedom in the photon energies,

when using two colours. In this measurement, a difference in energy of only 15 eV was used;

whilst this is sufficient to have the pump below the core-shell ionisation edge and the probe

resonant with the core-to-inner-valence transition, it has the consequence that the electron

spectra are cluttered with direct ionisation from both pulses as well as Auger-Meitner electrons.

With the pump pulse further detuned, for example by 100 eV, the direct photoelectrons from

the pump are well separated in energy and no longer overlap with the Auger electrons from the

probe, allowing for the different contributions to be resolved spectrally. Furthermore, ionisation

cross sections from the pump in this case would be larger, increasing excitation fractions.

Experiments utilising the method used to study charge migration in Chapter 4 and utilising all of

these advantages are currently ongoing, and the results are highly anticipated. Other techniques

for studying attosecond charge dynamics using XFELS have also made rapid advances in recent

years. Notably, attosecond angular streaking, sometimes referred to as the ‘atto-clock’ method,

can be used to study ionising phenomena. Attosecond angular streaking has been successfully
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applied to study the time structure of Auger-Meitner decay with approximately 150 as resolution,

resolving a beating in the emission with time, where previous experiments had only been able

to identify a decay rate [1].

Attosecond angular streaking necessarily studies an ionisation channel and is therefore par-

ticularly suited to the study of highly excited atoms and molecules, i.e with core holes. The

experimental method used in Chapter 4 also studied the charge migration of an ionised molecule,

but from the inner valence. The second ionisation step of the probe provides a measurement

channel, but the dynamics probed are of the singly ionised molecule. An exciting prospect,

particularly for applications towards photo-chemistry, is to generalise this method to the study

of neutral molecules. With the recent advances towards higher attosecond pulses, it is now

possible to excited valence wavepackets in neutral molecules using impulsive stimulated X-ray

Raman scattering (ISXRS) [2, 3], in analogy to the creation of vibrational wavepackets by

Raman scattering in the optical domain. Using a ISXRS pump pulse in place of the ionising

pump used here is therefore an exciting future direction.

Another of the key research directions in this thesis is the liquid HHG experiments detailed

in Chapter 6. Already since that work began, significant discussion and debate has continued

in the community, which has led to a number of publications on the theory of high harmonic

generation in liquids [4, 5, 6]. It is still unclear to what extent HHG spectroscopy will be possible

in liquid targets for the purpose of measuring attosecond charge dynamics, either in solvents or

solutes, but this remains an attractive research goal. The work on liquid HHG and the progress

described in Chapter 5 demonstrates that liquid flatjets are good targets for in vacuum study of

liquids and further investigations using these targets are highly anticipated. Many improvements

are still to be made, primarily the demonstration that small (mOD) changes can be resolved

with femtosecond time resolution in pump probe X-ray transient absorption experiments in

liquids. This will open the field to the study of not only the types of dynamics studied in this

thesis but many other phenomena, such as solute-solvent interactions, liquid structure, and

liquid phase photo-chemistry. The advances in experimental techniques to achieve this are

clear and ongoing: higher average photon flux, improved X-ray stability, improved liquid-target
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stability, and in some applications higher photon energy.

In line with this experimental progress, theory is continuing to advance and the understanding

of charge dynamics and coherence is better understood than ever. In particular, the interplay

between nuclear and electron dynamics is now recognised as crucial to understanding decoherence

of electronic wavepackets during charge migration. What remains less understood is whether or

how electronic wavepackets lead to different long-term outcomes in the nuclear wavepacket, i.e.

the role of electronic coherences on processes such as as chemical reactions or structural change.

To understand this, theory and experiment must work across the boundary of dynamics due to

the electron wavepacket up to the greater-than-ten femtosecond timescale of nuclear dynamics.
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Role of charge-resonance states in liquid high-order harmonic generation. Physical Review

A, 105(1):013115, jan 2022. ISSN 24699934. doi: 10.1103/PhysRevA.105.013115.

164

https://www.science.org/doi/10.1126/science.abj2096
https://www.science.org/doi/10.1126/science.abj2096
https://link.aps.org/doi/10.1103/PhysRevLett.125.073203


[5] Ofer Neufeld, Zahra Nourbakhsh, Nicolas Tancogne-Dejean, and Angel Rubio. Ab Initio

Cluster Approach for High Harmonic Generation in Liquids. Journal of chemical theory and

computation, 18(7):4117–4126, jul 2022. ISSN 15499626. doi: 10.1021/acs.jctc.2c00235.

[6] Ai Wu Zeng and Xue Bin Bian. Impact of Statistical Fluctuations on High Harmonic

Generation in Liquids. Physical Review Letters, 124(20):203901, may 2020. ISSN 10797114.

doi: 10.1103/PhysRevLett.124.203901. URL https://journals.aps.org/prl/abstract/

10.1103/PhysRevLett.124.203901.

165

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.203901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.203901


Appendix A

Description of the laser system

Chapters 5 and 6 showed results from seeding high harmonic generation used the a few-cycle

near infrared (NIR) laser system, in-house at Imperial College London. Whilst the operation,

modification, and advancement of this laser system did form a significant part of the effort

required to achieve those results, the scientific interest is independent of the laser system itself.

That laser system is outlined here.

The laser is seeded by a Kerr-lens modelocked Titanium-doped Sapphire (Ti:Saph) oscillator

(KM Labs Red dragon) with a repetition rate of 80MHz. Dispersion management is done via a

prism pair, with the insertion of each prism used to adjust the gain spectrum. The spectrum is

centred at approximately 790 nm with a spectral width of 50 nm FWHM. This is lower than the

optimum wavelength for gain from Ti:Saph close to room temperature, but is maintained at

this wavelength to match the gain of cryogenic-cooled amplifiers. There are two chirped pulse

amplifier (CPA) stages, both cooled using liquid helium from a helium compressor. The first

is a heavily modified KM Labs Red Dragon amplifier. The pulses are first stretched to 170 ps

in a grating stretcher. A Pockels cell and polariser pair are then used to reduce the repetition

rate to 1 kHz. The pulses are then input to an eleven pass amplifier in a ring. The amplifier

crystal is end-pumped by a single 30mJ, 527 nm diode laser (Coherent DM527-30). The first 6

passes are spectrally filtered, reducing gain at the centre of the spectrum to limit the effects of

gain narrowing. A second Pockels cell is then used to ‘clean’ the pulse, improving the contrast
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Figure A.1: An 11 fs pulse measured using the SEA-SPIDER method [1]. This 1780 nm, 1.8
cycle pulse is typical those used in Chapter 5 to drive high harmonic generation in the soft
X-ray and of the shortest in Chapter 6 used for high harmonic generation in liquids.

ratio. 2.5mJ pulses are produced in this way. To improve the power and pointing stability, two

point active stabilisation is used. This consists of leak-through from a dielectric mirror being

profiled in the near- and far-field directly and a PID controller fed back to actuators on two

mirror mounts to stabilise the position of the near- and far-field onto references.

The second stage is a bowtie configuration with five passes. It is pumped by two 527 nm diode

lasers, one at 27mJ (Coherent DM527-30) and one at 34mJ. The output 22mJ pulse are split

with the majority being sent to a grating compressor and the remaining pulses down-sampled

by another Pockels cell for other, low-repetition rate applications. Before compression the

beam waist is expanded using a lens telescope, to avoid damage to optics when compressed.

The compressor consists of a pair of parallel, gold coated, 300 lines mm−1 gratings and a

retro-reflector for two vertically displaced passes. The second and third order phase is then

measured using a commercially built SPIDER and can be optimised by adjusting the spacing

between the gratings and the angle of incidence. At this stage it is compressed to a 35 fs

pulse, with a transform limit of 29 fs. This 800 nm laser is used to pump a OPA (HE-TOPAS,

Light Conversion), converting to a signal pulse at 1400 nm and idler pulse at 1780 nm with

approximately 35% conversion efficiency. Operating in this high conversion efficiency regime,

the pulse is 60 fs, as measured using a SHG-FROG. This can be broadened to span from below

1100 nm to 2200 nm using a 1.2m long argon-filled hollow core fibre which is then compressed

using a wedge pair. With argon pressure between 1 bar and 1.8 bar, compression to between
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11 fs is possible. The pulse can be measured using a SEA-SPIDER [1]. Figure A.1 shows a

SEA-SPIDER measurement of an fs pulse, which corresponds to 1.8 optical cycles.
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